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Abstract We analyze the relationship between the coronal hole (CH) characteristics on
the Sun (area, position, and intensity levels) and the corresponding solar wind parameters
(solar wind speed v, proton temperature T , proton density n, and magnetic field strength
B) measured in situ at 1 AU with a 6-h time resolution. We developed a histogram-based
intensity thresholding method to obtain fractional CH areas from SOHO/EIT 195 Å images.
The algorithm was applied to 6-h cadence EIT 195 Å images for the year 2005, which were
characterized by a low solar activity. In calculating well-defined peaks of the solar wind
parameters corresponding to the peaks in CH area, we found that the solar wind speed v

shows a high correlation with correlation coefficient cc = 0.78, medium correlation for T

and B with cc = 0.41 and cc = 0.41. No significant correlation was found with the proton
density n. Applying an intensity-weighted CH area did not improve the relations, since the
size and the mean intensity of the CH areas are not independent parameters but strongly
correlated (cc = −0.72). Comparison of the fractional CH areas derived from GOES/SXI
and SOHO/EIT and the related solar wind predictions shows no systematic differences (cc =
0.79).
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1. Introduction

Coronal holes (CHs) are low density regions in the solar corona visible as dark areas
due to their lower temperature and density compared to the surrounding coronal plasma
(Munro and Withbroe, 1972; for a review see Cranmer, 2009). Coronal holes are most
easily observed in space-based X-ray (Wilcox, 1968; Altschuler, Trotter, and Orrall, 1972;
Hundhausen, 1972) and EUV images (Newkirk, 1967; Tousey, Sandlin, and Purcell, 1968;
Del Zanna and Bromage, 1999). They coincide with rapidly expanding open magnetic
fields and are the source region of the high speed solar wind streams (HSSs) that play
an important role in geomagnetic storm activity (Krieger, Timothy, and Roelof, 1973;
Neupert and Pizzo, 1974; Tsurutani et al., 1995; Gosling and Pizzo, 1999). In the past,
coronal holes have been identified visually and manually tracked by experienced observers.
More recently, there have been a few attempts to automate the process for the identification
and detection of coronal holes using different techniques, such as perimeter tracing (Kirk
et al., 2009), intensity thresholding (Krista and Gallagher, 2009; de Toma, 2011), fuzzy
clustering (Barra et al., 2009), multichannel segmentation (Delouille, Barra, and Hochedez,
2007), and edge-based segmentation (Scholl and Habbal, 2008).

Besides CMEs and flares, HSSs are the most dominant factor causing geomagnetic
storms. One way to predict the physical parameters of the solar wind is by using synoptic so-
lar magnetic field maps as input for heliospheric magnetohydrodynamic (MHD) codes like
e.g. ENLIL (a numerical model simulating the ambient corotating solar wind; Odstrcil and
Pizzo, 2009) or empirical/numerical hybrid models, e.g. the Hybrid Heliospheric Modeling
System (HHMS; Detman et al., 2006). However, since CHs are long-lived structures on the
Sun, which may persist for several solar rotations, the HSS characteristics at 1 AU should
also be predictable from the CH observations. Several teams already have investigated the
statistical relationship between coronal holes and studied how their size and location deter-
mine the solar wind parameters and geomagnetic effects measured at 1 AU (Nolte et al.,
1976; Robbins, Henney, and Harvey, 2006; Vršnak, Temmer, and Veronig, 2007a, 2007b;
Luo et al., 2008; Abramenko, Yurchyshyn, and Watanabe, 2009; Obridko et al., 2009;
Verbanac et al., 2011).

Using the unprecedented continuous observations by the Solar and Heliospheric Obser-
vatory (SOHO) Extreme ultraviolet Imaging Telescope (EIT; Delaboudinière et al., 1995)
since 1997, we have now for the first time the chance to study the behavior of coronal hole
areas and the related solar wind parameters over a full solar cycle (cycle 23). In the present
paper we focus on the declining phase of solar cycle 23, year 2005, to test the ability of
EUV observations in extracting CH areas, and in predicting the solar wind characteristics
at 1 AU during conditions of low CME activity. We will compare our results for the year
2005 using EIT 195 Å images to extract the CH fractional areas and to study their rela-
tion with the solar wind characteristics near the Earth with previous work using solar X-ray
images (Reeves and Parkinson, 1970; Krieger, Timothy, and Roelof, 1973; Vaiana, 1976;
Vršnak, Temmer, and Veronig, 2007a; Obridko et al., 2009; Verbanac et al., 2011), where
coronal holes are in general better observed due to the broader response function. In a
follow-up study, the derived methods will be used to study the coronal hole evolution and
related solar wind characteristics over the full solar cycle 23 in SOHO/EIT observations. In
addition, the CH extraction algorithm presented in this paper will also be applied to almost
real-time EUV imagery by the AIA instrument (Lemen et al., 2012) onboard the Solar Dy-
namics Observatory (SDO) to predict the solar wind characteristics (in particular solar wind
speed) at 1 AU up to 3 days in advance.

In Section 2 we describe the data used for our study. Section 3 describes the algorithm for
segmenting coronal hole areas in SOHO/EIT 195 Å images. The results will be presented
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in Section 4. In Section 4.1, we establish the relations between the CH areas derived in
EIT 195 Å images and the solar wind characteristics at 1 AU. In Section 4.2 we test if the
additional consideration of the “darkness” of the CHs improve the capability of solar wind
predictions. In Section 4.3, we compare the results from EIT 195 Å with those obtained
from the Solar X-ray Imager (SXI; Hill et al., 2005; Pizzo et al., 2005) onboard the GOES-
12 spacecraft. The results are discussed in Section 5.

2. Data

Our analysis is based on the following data sets:

• fractional area A of coronal holes derived via histogram-based thresholding methods ap-
plied to SOHO/EIT 195 Å and GOES SXI images;

• solar wind parameters: speed v, temperature T , density n, and magnetic field strength B

measured in situ at L1.

For the extraction of coronal hole areas we use the 1024 × 1024 fits data cubes provided
by EIT onboard the SOHO satellite with a cadence of ≈ 12 min in the 195 Å band (domi-
nated by emission of the Fe XII ion, T ≈ 1.5 MK). For our purposes we utilize images with
a cadence of approximately 6 h, taken at 1, 7, 13, and 19 UT. The EIT images are reduced
with the EIT software routines provided within SolarSoft. In addition, solar CH fractional
areas were also determined by soft X-ray images with a 6-h interval, acquired by SXI.

We utilize the solar wind data measured in situ at 1 AU by Solar Wind Electron
Proton and Alpha Monitor (SWEPAM; McComas et al., 1998) and the magnetome-
ter instrument (MAG; Smith et al., 1998) on board the Advanced Composition Ex-
plorer (ACE; Stone et al., 1998). The hourly averaged level-2 ACE data, available at
http://www.srl.caltech.edu/ACE/ASC/level2/, were time-averaged to a 6-h data resolution.

In this paper we focus on the year 2005, characterized by a very low CME activity. Due
to data gaps in the EIT archive (DOY 70 – 91, DOY 157 – 176, DOY 244 – 268, and DOY
336 – 353) it was not possible to use a coherent data set for the full year 2005. In total, we
processed a set of 1011 EIT 195 Å images.

3. Methods of Analysis

Our goal is to fully automate the process of identification and extraction of coronal hole
regions in SOHO/EIT 195 Å images. The algorithm performs the following main steps:

i) it automatically selects images for our purposes,
ii) it detects and defines the boundaries of CHs via intensity histograms to obtain binary

maps, and
iii) it uses morphological methods on the created binary maps in order to improve the de-

tection of CH areas.

In step 1, we refine the pool of the available SOHO/EIT 195 Å images to a 6-h cadence,
i.e. four images per day recorded at roughly 1, 7, 13, and 19 UT. We reject images with
corrupted pixel blocks and images where intense flares and CMEs cause disturbances or

http://www.srl.caltech.edu/ACE/ASC/level2/
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Figure 1 (a) Calibrated EIT 195 Å image recorded on 3 March 2005 at 13:13:34 UT. (b) Histogram of the
solar disc intensities. The vertical dashed line indicates the chosen CH threshold. (c) Resulting binary map
after application of the determined CH threshold. (d) Fully processed binary map, after application of erosion
and dilation. (e) CH binary map overlaid on the original EIT image. The meridional slice considered, [−7.5◦ ,
7.5◦], is also drawn.

hot pixels on the image. Selecting suitable images for the further analysis happens fully
automatically by the algorithm, but it was also manually cross-checked.

In step 2 we make use of the simple but powerful thresholding segmentation technique.
Via thresholding one can easily determine certain regions of interest (ROI) in an image and
create binary maps for further investigation. CHs are characterized by their low intensities
compared to the surrounding corona, and can thus be well identified via techniques based on
thresholding (Krista and Gallagher, 2009; de Toma, 2011). A key parameter in the thresh-
olding process is the choice of suitable thresholds. One mathematical approach to achieve
suitable thresholds is to study the distribution of the intensity of image pixels.

Figure 1 illustrates how the algorithm works. Panel (a) shows the original calibrated
EIT 195 Å image recorded on 5 March 2005 at 13:13:34 UT. A large CH at the northern
hemisphere and a smaller, fainter (in contrast) CH located at the solar southpole are clearly
visible. Panel (b) shows the histogram of the solar disk of the original EIT image. All pixels
above the solar limb are excluded. The x-axis indicates the intensity values given in digital
numbers (DNs) and the y-axis shows the corresponding number of pixels within the chosen
intensity bins. The histogram shows a bimodial distribution, i.e. two peaks and a valley in-
between. The first peak in the distribution (at lower intensities) represents CH pixels. The
minimum value between the two peaks is taken as an upper threshold level for CHs. Pixels
with lower intensities are marked as 0 and those with higher intensities are marked as 1,
resulting in a binary map as shown in panel (c). Experience shows that CH intensity pixel
values in the EIT 195 Å images lie at 25 ± 5 DNs (stable threshold-levels in the detection
of CHs in EUV images were also mentioned in the study of Krista and Gallagher, 2009).
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In Figure 1(b) the upper CH intensity threshold obtained is 24. Consequentially all intensity
values below 24 are set to 0 and all values above 24 are set to 1. If the algorithm is not able
to detect a well-defined minimum in the distribution (which is the case if the total CH area
is small), the threshold is set to 28 DN.

For the automatized detection of CH pixels at higher latitudes and longitudes we added
a threshold multiplier, since CHs close to the limb appear less dark, due to the optically thin
emission from neighboring coronal structures. This adaptive thresholding algorithm varies
threshold values for different location by using a multiplier, which steadily increases from
1.0 up to 1.4 from 60 ◦ up to 90 ◦ latitude and/or longitude. With this refinement, polar CHs
are also well detected although they have a smaller contrast.

In step 3, after automatically finding a suitable threshold value to create the binary maps,
we process the binary maps by using morphological methods. Erosion and Dilation are two
basic operators in the area of mathematical morphology that are typically applied to bi-
nary maps, and have previously been applied for the detection of CHs (Henney and Har-
vey, 2005). The basic effects of the operators on binary maps are to erode (or shrink) the
boundaries of regions, removing all small anomalies (Erosion) and to gradually expand the
boundaries of regions to fill small holes in-between (Dilation). In order to apply these oper-
ators we had to find a proper structuring element (a.k.a. kernel) that determines the precise
effect of the erosion or dilation. In our studies we superimpose a box of 16 × 16 pixels on
top of the input image. The kernel basically works like a median filter, exchanging the 0 and
1 values of the binary map under given circumstances. Figure 1(d) shows a fully processed
binary map. In comparison to the starting binary map in Figure 1(c), small structures have
been removed and small gaps in CH regions have been filled up.

In Figure 1(e) the fully processed binary map is overlaid on the original calibrated EIT
map displaying the contours of the detected CH regions. White lines surrounding the outer
edge of the solar disk are mere artifacts caused by the algorithm during the transformation
process creating binary maps; they have no effect on any further calculations. The meridional
slice embracing the central meridian at ±7.5◦ in longitude is also outlined. In this study
we used a ±7.5◦-sized slice centered at the solar meridian for our calculations. All pixels
identified as CH pixels inside this meridional slice are summed up and divided by the total
number of pixels in the slice. This fractional CH area, A, is used in the following analysis.
The total longitudinal extent of 15◦ covered by our slice corresponds roughly to the average
solar rotation during one day. Since we calculated the CH fractional areas from EIT images
with a 6-h cadence, subsequent data points of the derived CH areas are not independent
but a correlated average of about four subsequent data points. This acts like a smoothing
function on the CH area time series. In principle, one could choose smaller slices in which
the instant CH areas are derived but this comes with higher statistical fluctuations due to
the small area of the solar disk considered. In Vršnak, Temmer, and Veronig (2007a) it
was shown that choosing a slice centered on the eastern hemisphere one can enhance the
lead time for the forecasting, since the related coronal hole area located is further away
from being magnetically connected to the Earth than one centered on the meridian or the
western hemisphere. On the other hand, the CHs evolve during this time, which degrades
the correlation between CH area and solar wind parameters at 1 AU. Thus, it was concluded
that the central meridional slice provides a good compromise between predictive lead time
(which may be up to 4 days for the solar wind speed parameter) and instant coronal hole
property.
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4. Results

During the year 2005, several long-lived equatorial CHs were present on the Sun, resulting
in periodically occurring peaks in the CH fractional areas A (Figure 2(a)). These peaks in
the CH fractional areas are also reflected in peaks in solar wind data observed at 1 AU
(though with a delay of up to 4 days; see Vršnak, Temmer, and Veronig, 2007a), i.e. speed,
temperature, density, and magnetic field strength (Figures 2(b) – (e)).

In the following sections we study the correlations between CH areas and solar wind
parameters at 1 AU. In order to assess the significance of the correlations and to obtain a
robust estimate of the correlation coefficients, we applied bootstrapping (Wall and Jenkins,
2003). The bootstrap method works in the following simple way: Out of the sample of N

events, we draw repeatedly N events at random, and compute the correlation coefficient for
each of these realizations. This procedure is repeated 1000 times, and the average value of
the distribution of the correlations coefficients and its standard variation are calculated.

4.1. Comparison of EIT CH Areas and Solar Wind Parameters

In forecasting space weather effects of HSSs at the Earth, two parameters are of major
interest: the arrival time and the predicted peak values – when does the solar wind hit the
detectors and at what speed? In order to quantify the arrival times of the characteristic solar
wind disturbances a cross-correlation method was applied on CH fractional areas A with
the solar wind speed v, temperature T , density n, and total magnetic field strength B . In
former studies (e.g. Vršnak, Temmer, and Veronig, 2007a) the period of DOY 25 – 125 was
preferably considered due to very low CME activity. Due to data gaps in the EIT archive,
we used different time windows (DOY 25 – 75, 124 – 146, 266 – 295, and 307 – 336) in our
study, all indicating similar trends. Figure 3 shows the A–v, A–T , A–n and A–B cross-
correlations in the period of DOY 25 – 75 with a time resolution of 6 h. The cross-correlation
method was applied for a time lag of ±20 days and the black vertical line indicates the
derived time lag with highest correlation.

Highest correlation coefficients were found for the A–v relationship at a lag of 3.5 days,
A–T at 2.75 days, A–n at 0.75, and A–B at 1.25 days. This is similar to the results of
Vršnak, Temmer, and Veronig (2007a) and Verbanac et al. (2011). Surprisingly, the solar
wind density and magnetic field delays are shorter than the expected solar wind transit time
of 2 – 3 days. In order to explain the different arrival times characterized by various solar
wind parameters, one has to take interactions at the corotating interaction regions (CIRs) or
HSS and their physical impact on the Parker spiral into account. The fast solar wind streams
originating from the CH interacts with the slow solar wind and causes CIR-compression
regions at the frontal side of the HSS (Gosling, 1996). Due to the large longitudinal extent
of CHs, the leading edge of the HSS may have passed the central meridian up to 1 – 3 days in
advance compared to the CH central region (see also Vršnak, Temmer, and Veronig, 2007a;
Verbanac et al., 2011). The frozen-in magnetic field gets compressed and therefore also
shows a small delay time. The enhancements in solar wind temperature and speed are not
subject to compression, and thus they rise more slowly, until peaking in the center of the
HSS.

After obtaining the delays of solar wind parameters compared to the fractional solar
CH areas A via cross-correlation, we shift the A time series with the corresponding lag
and correlate the outcome with measured solar wind parameters. For instance, A is shifted
by 3.5 days and correlated with the in situ measured solar wind speed v. Figure 4 shows
the applied time-lagged scatter plots of the fractional CH area A with the corresponding
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Figure 2 (a) Fractional CH area derived from EIT 195 Å images for the year 2005. Diamonds indicate peaks
used in the analysis. (b) In situ measured solar wind speed v, (c) temperature T , (d) density n, and (e) total
magnetic field strength B at 1 AU.
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Figure 3 Cross-correlation coefficients derived from the DOY 25 – 70 6-h data of the CH fractional A ob-
tained from EIT 195 Å images and the corresponding ACE solar wind parameters: (a) speed v, (b) proton
temperature T , (c) density n, and (d) total magnetic field strength B . The cross-correlation function was
calculated up to a time lag of ±20 days. The vertical lines represent the time lags with highest correlation.

Figure 4 Correlations of the time-lagged CH fractional areas A with (a) solar wind speed v, (b) proton
temperature T , (c) density n, and (d) total magnetic field strength B for the period of DOY 25 – 70. The time
lag applied for the correlation and the corresponding correlation coefficients are given in insets. Dashed lines
denote the regression lines and thick lines show the amplitude optimized functions.
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solar wind parameters. A–v, A–T , A–n and A–B pairs give the correlation coefficients
cc = 0.76 ± 0.03, 0.64 ± 0.04, 0.63 ± 0.06, and 0.47 ± 0.07. The dashed line indicates the
least-squares linear fits. Due to its mathematical nature it tends to underestimate and smooth
out peak values, and is thus not well suited as a functional form for the forecasting procedure
(see also Vršnak, Temmer, and Veronig, 2007a). The full line in Figure 4 represents an
amplitude-optimized function, a linear function that delivers a forecast option:

f (t) = c0 + c1A(tlag), (1)

where c0 and c1 are the substituting coefficients, and A(tlag) is the fractional area shifted in
time according to the time lags found. In the case of the solar wind speed (panel (a)), c0 is
350 and c1 is 900. T , n, and B were treated in the same way resulting in c0 = 10, 2, 2 and
c1 = 700, 35, 30.

By applying Equation (1) to A for the EIT 195 Å images of the full year 2005 we derive
the prediction curves for v(t ), T (t ), n(t ), and B(t ) plotted in Figure 5. The black lines
represent the derived fractional CH area A (panel (a)) and the in situ measured solar wind
speed v (Figure 5(b)), proton temperature T (Figure 5(c)), density n (Figure 5(d)), and
the total magnetic field strength B (Figure 5(e)). Red lines denote the solar wind values
predicted from the fractional CH areas A.

In Figure 6 we zoom in on the time window DOY 25 – 130. Figures 6(a) – (d) show the
measured v, T , n, and B values (black lines) and the corresponding predicted values (red
lines). One sees that the highest accuracy is provided for the solar wind speed v and the
temperature T . The density n and the magnetic field strength B are less well predicted
(time-wise and peak-value-wise) by the algorithm.

Figure 7 depicts the correlation between the measured and predicted peak values for 21
well-defined peaks of the solar wind parameters in the time range 25 – 365 (indicated by
diamonds in Figure 2). The correlation analysis shows a high correlation for the predicted
versus measured solar wind speed peaks with cc = 0.78±0.08. A medium correlation for the
temperature T with cc = 0.41±0.22 and the magnetic field strength B with cc = 0.41±0.16
was found. For the density n no significant correlation coefficient cc = 0.18 ± 0.19 was
obtained. In this respect, it is important to bear in mind that for the prediction of geomagnetic
activity v and B are most relevant parameters.

4.2. Comparison of Intensity-Weighted EIT CH Areas and Solar Wind Parameters

CHs are regions that are less dense and less hot than the ambient corona (Munro and With-
broe, 1972), and thus appear as dark regions in X-ray and EUV wavelengths (Reeves and
Parkinson, 1970; Vaiana, 1976). Since it was reported that the CH brightness (contrast) cor-
relates with the characteristics of the solar wind at 1 AU, especially v (see Veselovsky et al.,
2006; Robbins, Henney, and Harvey, 2006), we analyzed if EIT fractional CH areas with
intensity weighting would increase the forecasting capabilities. To this aim, we weighted
the fractional CH areas by the inverse of the mean intensity of the CH pixels.

Figure 8 shows the derived intensity-weighted fractional CH areas Aw (bottom) com-
pared to the unweighted areas A (top panel) for the full year 2005. In general, the A and Aw

peaks show a similar behavior. We derived the same time lags for Aw as we did for A and
correlate the outcome with measured solar wind parameters (Figure 9). Aw and v correlate
with cc = 0.74 ± 0.03, Aw and T with cc = 0.64 ± 0.04, Aw and n with cc = 0.63 ± 0.06,
and Aw and B with cc = 0.48 ± 0.07. All correlations show minor differences (<0.03) in
comparison with the correlations of A with solar wind parameters (see also Figure 7). We
compare the outcome delivered by the forecasts with the original and the intensity-weighted
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Figure 5 (a) Fractional CH area A, and the in situ measured (b) solar wind speed v, (c) proton temperature
T , (d) density n, and (e) total magnetic field strength B at 1 AU for the year 2005. Black lines indicate the
data measured. Red lines depict forecast values.
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Figure 6 Same as Figure 5, but zoomed in for the period DOY 25 – 130.
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Figure 7 Comparison of 21 peaks in the fractional CH areas A (indicated in Figure 5(a)) and the correspond-
ing solar wind parameters in the time range of DOY 25 – 365, 2005: solar wind speed v, proton temperature
T , density n, and total magnetic field strength B . The related correlation coefficients are indicated in the
insets. The one-to-one correspondence is plotted as a black line.

Figure 8 Top: Fractional CH areas. Bottom: Intensity-weighted fractional CH areas for the year 2005.
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Figure 9 Correlation of the time-lagged intensity-weighted fractional CH areas with (a) solar wind speed
v, (b) proton temperature T , (c) density n, and (d) total magnetic field strength B for the period of DOY
25 – 70. The time lag applied for the correlation and the corresponding correlation coefficients are given in
insets. Dashed lines denote the regression lines, and thick lines show the amplitude-optimized functions.

CH areas for the time range DOY 25 – 130. Figure 10 shows the differences between the
in situ measured values (black lines), the predictions based on the CH fractional areas A

(red lines), and the predictions based on intensity-weighted CH fractional areas Aw (green
lines) for v, T , n, and B . Figure 11 shows the scatter plot for the 21 selected CH area peaks
with measured solar wind parameters as in Figure 7 but using the intensity-weighted areas
instead. Aw and v correlate with 0.77 ± 0.11, Aw and T with 0.41 ± 0.22, Aw and n with
0.18 ± 0.17, and Aw and B with 0.40 ± 0.15. The intensity-weighted areas Aw with v, T ,
n, and B show correlation coefficients slightly similar to A (cc = 0.78 ± 0.08, 0.41 ± 0.22,
0.18 ± 0.19, and 0.41 ± 16).

Figure 12 shows the scatter plot of the derived fractional CH areas and the mean intensity
of those areas giving a correlation coefficient of −0.72 ± 0.04. This implies that the size
and mean intensity of the CH areas are closely correlated and not independent parameters.
The larger the CH area the darker (in contrast) it becomes. This may explain why weighting
the CH area by its mean intensity does not improve the forecasts, as the intensity does not
provide additional independent information.

4.3. Comparison of CH Areas Obtained from EIT and SXI

In a series of papers (Vršnak, Temmer, and Veronig, 2007a; Temmer, Vršnak, and Veronig,
2007; Verbanac et al., 2011), it was established that the solar wind characteristics at 1 AU
can be well predicted from the fractional CH areas determined from SXR images. In order
to test if CHs determined in EUV images provide similar results, we compare the CH areas
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Figure 10 Comparison of in situ measured solar wind parameters (black lines), predictions based on CH
fractional areas A (red lines), and predictions based on intensity-weighted CH areas Aw (green lines). From
top to bottom: solar wind speed v, temperature T , density n, and total magnetic field strength B for DOY
25 – 130 of 2005.
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Figure 11 Same as Figure 7, but using intensity-weighted CH areas.

Figure 12 Scatter plot of mean intensity of CH pixels against fractional CH areas calculated from EIT 195 Å
images.

derived in EIT 195 Å images with those obtained by SXI. We are using SXI level-2 files
(SXI CH data product) and take for each day four SXI coronal images, provided around 1,
7, 13, and 19 UT. We apply our algorithm to the SXI images, with the only difference that
for SXI images we use a fixed threshold of 0.15 DN instead of a varying one that was used
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Figure 13 (a) CH fractional areas for the year 2005 obtained from SXI (black) and EIT (red). (b) Correlation
between the SXI and EIT fractional CH areas A. The one-to-one correspondence is plotted as a dashed line
and the regression fit as a straight line. (c) Histogram of the difference of the fractional CH areas obtained
from EIT and SXI images.

on EIT images, delivering the same output but with a higher cadence of 6 h, as was used in
Vršnak, Temmer, and Veronig (2007a).

The fractional CH areas for the year 2005 are plotted in Figure 13(a), where the black line
indicates the CH areas obtained by SXI and the red line depicts the CH areas derived from
EIT. Between 11 September and 20 October 2005, DOY 254 – 293, SXI entered a safe-hold
mode causing a data gap. It is clearly visible that the shape and time of the occurring peaks
are comparable, but the peak values may differ. Figure 13(b) shows a direct comparison of
SXI and EIT fractional areas giving a correlation coefficient of 0.79 ± 0.06. The histogram
of the differences of the CH areas derived from SXI and EIT is plotted in Figure 13(c). The
mean of the distribution is −0.0061 ± 0.0036, i.e. there are no systematic differences in
calculating CH areas from EIT and SXI images.

We also calculated the delays for certain solar wind parameters via cross-correlations in
the time range of DOY 25 – 125 with a 6-h time resolution. The cross-correlation is calcu-
lated up to ±20 days. The time lags derived for A–v, A–T , A–n, and A–B are 3.25, 2.75,
0.75, and 1.75 days. Similar to EIT we apply a linear function (for detailed information, see
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Figure 14 (a) Solar wind speed v, (b) proton temperature T , (c) proton density n, and (d) total magnetic field
strength B for the time range of DOY 25 – 130, 2005. Shown are observations (black line), EIT predictions
(red line), and SXI predictions (green line).
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Figure 15 Same as Figure 7, but using SXI data.

Figure 16 Probability in
forecasting solar wind parameters
via fractional CH areas provided
by EIT 195 Å in a given
percentage-based range around
the measured peak values for
solar wind speed v, temperature
T , density n, and total magnetic
fields strength B .

Vršnak, Temmer, and Veronig, 2007a) to the SXI A data and substitute the coefficients c0

and c1 for v, T , n, and B as follows: c0 = 350, 12, 3, and 2; c1 = 900, 700, 50, and 25.
Figure 15 shows a scatter plot of the 21 selected peaks in fractional areas A provided

by SXI in comparison to measured solar wind parameters. A and v correlate with cc =
0.69 ± 0.15 and A and T with cc = 0.45 ± 0.20. No significant correlation is obtained for
A–n (cc = 0.19 ± 0.23) and A–B (cc = 0.20 ± 0.20). In Figure 14 the EIT-prediction curve
(red line) and the SXI-prediction curve (green line) are plotted together with the measure-
ments (black line) for DOY 25 – 130, 2005.
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5. Discussion and Conclusions

We have developed a fully automatic histogram-based algorithm for detecting CHs in
SOHO/EIT 195 Å images in order to predict solar wind parameters (amplitude and arrival
time) at 1 AU.

For the full year 2005, we selected a sample of 21 well-defined peaks in the CH fractional
areas that relate to HSSs at 1 AU. The algorithm produces good forecasts for the solar wind
speed peaks (cc = 0.78 ± 0.08). It shows medium correlations for the proton temperature
T with cc = 0.41 ± 0.22 and the total magnetic field strength B with cc = 0.41 ± 0.16. No
significant correlation was found for the solar wind proton density n (cc = 0.18 ± 0.19).
Figure 16 displays the probability of predicting peak values in a certain percentage range of
the measured peaks. In case of the solar wind speed, 95 % of all predicted v peaks lie in the
range of ±20 % of the measured values. The figure also shows that the prediction capability
is worst for the proton density, where only 75 % of the predicted values lie within ±50 %
of the measured peak. This implies that the fractional CH area is no adequate indicator in
predicting the solar wind density.

In most cases the algorithm predicts the peak times of solar wind parameters to within
±0.5 days. In cases where no CMEs disturb the solar wind parameters, the algorithm can
thus be used to deliver reliable forecasts of the solar wind speed up to 4 days ahead.

Weighting the fractional CH areas by the inverse mean intensity of the CH areas did not
improve the forecast due to the fact that the size and the mean intensity are not independent
parameters (cc = −0.72 ± 0.04).

Our algorithm was also tested on GOES-12 SXI data in order to compare our outcome
with the results of previous studies based on SXI observations. A correlation of cc = 0.79 ±
0.06 was found for EIT and SXI fractional CH areas over the year 2005, and no systematic
differences were obtained. The method developed thus provides a good means to relate CH
areas observed on the Sun to the solar wind characteristics at 1 AU. In future studies, this
method shall be applied to almost-real-time SDO/AIA images in order to present solar wind
speed forecasts for the Earth environment up to 3 days in advance.
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