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Abstract. The Wang-Sheeley model is an empirical model that can predict the
background solar wind speed and interplanetary magnetic field (IMF) polarity. We
make a number of modifications to the basic technique that greatly improve the
performance and reliability of the model. First, we establish a continuous empirical
function that relates magnetic expansion factor to solar wind velocity at the source
surface. Second, we propagate the wind from the source surface to the Earth
using the assumption of radial streams and a simple scheme to account for their
interactions. Third, we develop and apply a method for identifying and removing
problematic magnetograms from the Wilcox Solar Observatory (WSO). Fourth, we
correct WSO line-of-sight magnetograms for polar field strength modulation effects
that result from the annual variation in the solar b angle. Fifth, we explore a number
of techniques to optimize construction of daily updated synoptic maps from the
WSO magnetograms. We report on a comprehensive statistical analysis comparing
Wang-Sheeley model predictions with the WIND satellite data set during a 3-year
period centered about the May 1996 solar minimum. The predicted and observed
solar wind speeds have a statistically significant correlation (~0.4) and an average
fractional deviation of 0.15. When a single (6-month) period with large data gaps is
excluded from the comparison, the solar wind speed is correctly predicted to within
10-15%. The IMF polarity is correctly predicted ~75% of the time. The solar
wind prediction technique presented here has direct applications to space weather

research and forecasting.

1. Introduction

During the Skylab era, large near-equatorial coronal
holes were found to be associated with high-speed so-
lar wind streams [Nolte et al., 1976]. Using a current-
free potential field model to map coronal magnetic field
lines, Levine et al. [1977] found evidence for a corre-
lation between open-field regions with small magnetic
divergence and high-speed streams. This finding led
Levine et al. to suggest that magnetic field divergence
plays a “crucial physical role in the acceleration” of the
solar wind. Using an empirical velocity equation that
was. a function of magnetic latitude, Fry and Akasofu
[1987] simulated solar wind speed and interplanetary
magnetic field (IMF) strength over two solar cycles and
found that observed solar wind parameters could be re-
produced for some coronal hole passages. Wang and
Sheeley [1990] postulated the existence of an inverse
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correlation between magnetic expansion factor and so-
lar wind speed. Using 22 years of photospheric field
synoptic maps from Mount Wilson Solar Observatory
and a potential field source-surface model [Schatten et
al., 1969], they calculated magnetic flux tube expan-
sion rates and inferred solar wind speeds. Comparing
their predicted 3-month running-average velocities with
satellite observations, they obtained a statistically sig-
nificant correlation coefficient (0.57) and concluded that
fast solar wind emanates from regions with small mag-
netic divergence (e.g., from the central regions of coro-
nal holes), and slow solar wind comes from regions with
high magnetic divergence (e.g., boundaries of open-
field regions overlying closed-field structures). How-
ever, their correlation strictly applied only to timescales
on the order of months. In a subsequent work, Wang
and Sheeley [1991] demonstrated that an inverse cor-
relation between magnetic expansion factor and solar
wind speed was consistent with some simple accelera-
tions models involving Alfven waves. Recently, Wintoft
and Lundstedt [1997] found a correlation of 0.4 between
observed and daily (Wang-Sheeley model) predicted so-
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lar wind velocity. In an effort to further improve these
predictions, Wintoft and Lundstedt [1997] combined an
artificial neural network (ANN) with a potential field
model. They trained the ANN on Wilcox Solar Obser-
vatory (WSO) data from solar cycle 21 and tested it on
data from cycle 22. Their final model gave a velocity
error of 90 km/s and a correlation of 0.58. They found
inverse correlations between flux tube expansion and

velocity, which ranged from over 0.5 for some years to

less than 0.2 for other (e.g., 1985-1987 solar minimum).
Successful efforts to predict the daily averaged IMF po-
larity at Earth have been recently reported by Zhao and
Hoeksema [1995] and Wang and Sheeley [1995a].

Encouraged by the findings of Wang and Sheeley
[1990, 1992, 1995a], Wintoft and Lundstedt [1997], and
Zhao and Hoeksema [1995], we make a number of mod-
ifications to the original Wang-Sheeley (WS) model/
prediction technique to further improve daily predic-
tions of solar wind speed and IMF polarity at Earth. We
test our modified approach by conducting a through in-
vestigation of the method over a 3-year period for which
we have reasonably complete sets of daily solar mag-
netograms from WSO and corresponding in situ solar
wind measurements from the WIND satellite (i.e., the
3-year period centered about the May 1996 solar min-
imum). The resulting predictions are subjected to rig-
orous statistical evaluation to assess how well the mod-
ified models perform, as compared to a traditional ap-
proach. We find that many subtle details about the
handling of the magnetic data can significantly affect
the performance of the model. When such details are
carefully accounted for, the predictive reliability of the
model is greatly improved. Advance predictions of the
solar wind speed and IMF polarity can improve space
weather forecasts and can provide more realistic bound-
ary conditions for models of propagating solar wind dis-
turbances.

2. Overview

In this paper, significant modifications are made to
the prediction scheme originally employed by Wang and
Sheeley [1990, 1992]. Improvements are made to both
the quality and time resolution of the model’s input
data (i.e., synoptic maps of the photospheric field) and
the method used to propagate the solar wind from the
Sun to the Earth.

Two important changes are made to the WSO syn-
optic maps that are used as model input. The first
concerns the rate at which the input data are updated.
Whereas the traditional approach is to make predic-
tions for the next solar rotation by using the synoptic
map from the previous rotation, we update the synoptic
maps daily (where possible) with new magnetograms
and make predictions after each update. The second
change to the model input is to enhance the quality of
the synoptic maps by accounting for a number of prob-
lematic effects (e.g., east-west projection, solar b angle,
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and individual magnetogram quality) not currently in-
cluded in the assembly of the maps. Uncorrected, these
effects can produce erroneous results in the potential
field source-surface (PFSS) calculation and therefore in
the predictions.

The modeling process itself is modified in two ways.
The first change is to establish a continuous empirical
function that relates magnetic expansion factor to ve-
locity. We use this empirical function to assign solar
wind velocities at the source surface (given the mag-
netic expansion factors there), instead of at Earth, as
in the work of Wang and Sheeley [1990, 1992]. The
second change is to propagate the solar wind from the
source surface to Earth using the assumption of radial
solar wind streams and a simple scheme to account for
their interactions. The PFSS code remains, however,
the same as the original and is essentially the same as
that currently used at WSO [Hoeksema et al., 1982;
Zhao and Hoeksema, 1994].

In section 3 we discuss methods for constructing
the various types of synoptic maps from WSO magne-
tograms, including a detailed overview of the improve-
ments to the data input. In particular, we highlight
the important differences between the traditional syn-
optic maps (which we refer to as full-rotation maps) and
the two types of daily updated synoptic maps used in
this study. In section 4 we discuss the changes made
to the original model in greater detail and outline the
procedure for making predictions using a traditional ap-
proach and two modified versions of the model. We be-
gin section 5 by selecting a subset of prediction results
from our 3-year study, which illustrate the advantages
and disadvantages of the three different prediction tech-
niques. In the remainder of section 5, we undertake a
rigorous statistical comparison of 3 years’ worth of ve-
locity and IMF predictions produced by each prediction
method with WIND satellite observations. We summa-
rize our findings in section 6.

3. Input to the Model

We highlight here the important differences between
the traditional (i.e., full-rotation) synoptic maps and
the daily updated maps, and we outline the general
procedure for constructing them from WSO daily mag-
netograms.

3.1. Full-Rotation Synoptic Maps

One or two solar magnetograms are taken of the Sun
each day at WSO. These low-resolution magnetograms
extend 110° in longitude (centered about the Sun’s cen-
tral meridian) and +14.5/15.0 in sine latitude. The
precision of the individual magnetic field measurements
are of the order of 5 uT [Hoeksema, 1984]. Upon in-
terpolation onto Carrington coordinates, each magne-
togram consists of 23x30 individual cells 5° in longitu-
dinal width and 1/15 sine latitude in height. Because
the Sun rotates ~13° per day as viewed from Earth,
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magnetograms taken on consecutive days differ in their
central meridian longitudes by ~10° to 15° (depend-
ing on the exact time of observation). Synoptic maps
are constructed from daily magnetograms by overlay-
ing them and using a weighted mean for overlapping
regions. The weighting factor is a function of longitu-
dinal distance and is sharply peaked at the location of
the Sun’s central meridian at the time of observation
(see Hoeksema [1984] for further details). Each cell on
a synoptic map can be, in principle, composed of up to
~16 individual observations weighted together (assum-
ing there are no gaps in the observations) by the time
the following (i.e., western) edges of subsequent mag-
netograms have rotated beyond the longitude of each
cell. In practice, weather, instrument problems, and
other factors limit the number of overlapping regions
to fewer than 16. We define a full-rotation synoptic
map as one whose leading (i.e., eastern) edge begins
at some arbitrarily chosen initial Carrington longitude
and that is no longer capable of being updated (i.e., the
following edges of new magnetograms have rotated be-
yond the starting longitude). A full-rotation map is not
complete until ~8 days after the starting Carrington
longitude first appears within a magnetogram, because
it takes ~8 days for the following edges of the daily
magnetograms to rotate beyond it. We adopt the stan-
dard starting and ending Carrington longitudes of 0°
and 360°, respectively, for all of our full-rotation syn-
optic maps.

3.2. Daily Updated Synoptic Maps

Synoptic maps that constitute the most recent 360°
of observations and that begin with the leading edge of
the most recent magnetogram are referred to as daily
updated synoptic maps. These maps are normally com-
posed of observations from portions of two different Car-
rington rotations (CRs). Unlike full-rotation maps the
line-of-sight magnetic field values of the last 110° of a
daily updated synoptic map are made up of progres-
sively fewer averaged magnetograms. In fact, the most
recent 10° to 15° of longitude added to the leading edges
of these maps are often composed of observations from
only one magnetogram. An advantage of a daily up-
dated map (over a full-rotation map) is that the part of
-the map directed towards Earth consists of the most re-
cent magnetic observations available, especially east of
the Sun’s central meridian. However, because the most
recent magnetic data on the map are also based on the
fewest number of observations, daily updated maps are
much more sensitive to the quality of the individual
magnetograms and are especially susceptible to projec-
tion effects east of the Sun’s central meridian. For in-
stance, the measured line-of-sight strength of a radially
directed magnet field line located on the Sun’s equator
but 55° east (or west) of its central meridian is about a
factor of 2 smaller than its true value. In the northern
and southern corners of magnetograms the projection
effects are even worse.
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3.3. Modifications to the Daily Updated
Synoptic Maps

We attempt to compensate for the above mentioned
drawbacks in the daily updated maps through careful
treatment of the individual magnetograms before they
are assembled into synoptic maps.

3.3.1. Problematic magnetograms. To iden-
tify and minimize the influence of problematic magne-
tograms, we developed a scheme to evaluate the quality
of each magnetogram beyond that already routinely ap-
plied at WSO. Three properties of the polar field data
from both the northern and southern hemispheres (i.e.,
the magnetic data with sine latitudes of +£14.5/15.0) are
used to evaluate the quality of each magnetogram. The
average magnetic field (B) of each pole is calculated,
along with the corresponding standard deviations op of
each (B), and the magnitude of the maximum spread
(i-e., | Bmax — Bmin|) for each polar field. These three fac-
tors are compared with corresponding properties from
a preselected reference set of 62 “good” magnetograms.
For example, plotted in Figure 1 are the polar field val-
ues located at sine latitudes £14.5/15.0 of a WSO mag-
netogram of very good quality. The reference magne-
tograms were selected from 1109 WSO magnetograms
taken over a nearly 4-year time period (approximately
late 1993 to late 1997) and include only those magne-
tograms with standard deviations of less than 40 uT for
both north and south polar fields. A numerical quality
factor @ is obtained for each pole by inserting these
data into the following empirical equation:

0 - J( @)y (Y

x (Bmas=Baual) - ()

(‘7>B(ref)

Here (Bief) is the average of the reference set’s 62 indi-
vidually averaged polar magnetic field strengths, o p(ref)
is the corresponding standard deviation, and (o) g(.ef)
is the average of the reference set’s standard deviations.
Magnetograms with both north and south @ factors less
than 6.5 are accepted for inclusion in the daily updated
synoptic maps. Magnetograms with one or both polar
() values greater than 6.5 are considered problematic.
Because the extreme east and west edges of the magne-
tograms are often the source of the problem, 5° of data
at both ends of the magnetogram are removed. The @
factor is then recalculated, and if both @ factors then
fall below a value of 6.5, the longitudinally truncated
magnetogram is used in the construction of the syn-
optic maps. If the @ factor remains above a value of
6.5 for either pole, an additional 5° of data from both
edges are removed. This procedure is repeated until the
reduced magnetogram’s polar @) factors either fall be-
low a value of 6.5 or more than 25° are cut from both
ends of the magnetogram. In the latter case, the entire
magnetogram is discarded. Roughly 12% of the mag-
netograms are not used for this reason. About 41% of
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Figure 1. Example of a good Wilcox Solar Observatory (WSO) magnetogram

(No. 5324).

Plotted are the polar magnetic field values located at sine latitudes +£14.5/15.0.

the magnetograms are trimmed but less than 9% more
than 15°. In Figure 2, we plot the polar field values of
a magnetogram that is of very poor quality.

3.3.2. Projection effects. The WSO magneto-
graph records the line-of-sight (LOS) component of the
solar photospheric magnetic field B(B,, By, By). Ex-
pressed in terms of the components of the actual field,
the LOS magnetic field B; is

B, = B,sinfcos(¢ — ¢o) +

+ Bgcosfcos (¢ — ¢o) — By sin (¢ — ¢o), (2)

where ¢, is the Carrington longitude of the Sun’s cen-
tral meridian at the time of observation and 6 is the
colatitude. Observational evidence [Wang and Sheeley,
1992; Zhao and Hoeksema, 1993] suggests that the solar
magnetic field is nearly radial at the photosphere and
therefore both By ~ 0 and By ~ 0. The LOS magnetic
field data (B;) should thus be corrected first for projec-
tion effects and then converted to the radial component
of the potential field. Setting By and By to zero greatly
simplifies (2):

B, = B,sinfcos (¢ — ¢o) - (3)
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Figure 2. Example of an extremely bad WSO (No. 5332) magnetogram. Note the lack of
uniformity in the polar field values compared with those in Figure 1.
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Now B, may be easily solved in terms of B;. To do
this, we first correct each magnetogram for longitudinal
projection effects by dividing by cos(¢ — &), and then
we adjust for latitudinal projection. This latter step is
complicated by the time-varying tilt of the Sun’s rota-
tion axis as viewed from Earth (i.e., the solar b angle).
We discuss this complication in the next section.

3.3.3. Corrections to the polar fields and the
annual variation of the solar b angle. The global
nature of the PFSS model makes it sensitive to the
strengths of the polar magnetic fields, which are diffi-
cult to measure accurately. Determinations of the polar
fields are further complicated by the 7.25° inclination
of the Sun’s rotation axis with respect to the ecliptic.
When the solar b angle is +7.25°, the magnetic pole
located in the Sun’s northern hemisphere is observed
much better from Earth than is the magnetic pole in
the southern hemisphere; half a year later, when b =
-7.25° the converse is true. Consequently, for a large
fraction of a year, one of the Sun’s magnetic poles is
poorly measured.
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This dilemma. is illustrated in Figure 3, which plots
both the northernmost and southernmost (i.e., sine
latitudes + 14.5/15.0) uncorrected average polar field
strengths as a function of time (1994 to 1997) for those
WSO magnetograms having solar b angles greater than
| 5° |. (Only magnetic field measurements within 20°
longitude of the Sun’s central meridian are used to cal-
culate the average polar field strengths.) As seen in
Figure 3, when a particular hemisphere of the Sun is
directed maximally toward the Earth, there is a spread
of ~100-150 uT in the polar field values; however, the
spread is larger (up to 200 uT) in the hemisphere di-
rected away from the Earth.

We account for this difficulty by applying solar b angle
corrections to the polar fields of each new magnetogram.
Specifically, the corrections are made at sine latitudes
+14.5/15.0 (=~ £75°) and *£13.5/15.0 (= £64°). We
fit a second-order polynomial to the most reliable cor-
rected data at each of these polar latitudes (i.e., only
data from magnetograms for which b > +5.0° in the
north and b < -5° in the south) to approximate their
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Figure 3. Uncorrected (open circles and diamonds) and corrected (solid circles and diamonds)
average polar field strengths as a function of time (late 1993 to late 1997) for each WSO mag-
netogram having a solar b angle greater than | 5° |. (Only magnetic field measurements within
20° longitude of the Sun’s central meridian, and in this plot, at sine latitudes of + 14.5/15.0
were used to calculate the average polar field strengths.) When a particular hemisphere of the
Sun is directed maximally toward the Earth, the spread in the uncorrected polar field values is
larger in the hemisphere directed away from the Earth. The solid black curves are second-order
polynomial fits to the most reliable data &dt each pole. Only those corrected polar field values
used to make the polynomial curves are shown. The dashed gray sinusoidal line is the solar b

angle as a function of time.
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magnitudes and time variations. Figure 3 shows the
fits to the most reliable corrected data located at sine
latitudes +14.5/15.0. The WSO magnetograms from
early 1994 to late 1997 were used to construct the set
of four polynomials. The average polar field strength at
each polar latitude is normalized to the mean value pre-
dicted by the empirical fit, but the standard deviation
is preserved.

Between sine latitudes +12.5/15.0 and -12.5/15.0 the
solar magnetic field is usually measured reliably. As a
result, we simply multiply each magnetic field measure-
ment between these two latitudes by the appropriate
trigonometric factor to remove north-south projection
effects due to solar b angle only. The magnetograms
are then assembled into synoptic maps. These synoptic
maps have at this point been corrected for all longitu-
dinal projection effects but must still be corrected for
simple latitudinal projection effects (i.e., they must be
divided by sin §). This step is done just before the PFSS
code is used.

3.4. Gaps in the Synoptic Maps

Inevitably, gaps arise in the synoptic maps. For full-
rotation synoptic maps we fill large gaps with data from
previous Carrington rotations as necessary. Smaller
gaps (~15° wide in Carrington longitude or less) are
filled by interpolation.

Gaps in daily updated maps must be treated differ-
ently. Large gaps are not filled at all, because a main
objective of this study is to establish whether using the
most recent magnetic observations improve solar wind
predictions over the traditional approach (i.e., using the
synoptic map from the last rotation to predict solar
wind values for the next solar rotation). No predictions
are made in such instances. If the gaps are “small” (a
term difficult to define precisely), we fill them by inter-
polation. As shown in section 5, the greater the number
of unfilled gaps, the poorer the model predictions. The
ability to fill gaps in the synoptic maps from one obser-

vatory with observations from another would be thus

extremely useful.

4. Modifications to the Wang-Sheeley
Model

As mentioned in section 2, we have made two signifi-
cant changes to the published version of the WS model.
The changes occur after the PFSS model is applied to
the input data and involve (1) the use of an empirical
function to relate expansion factor with velocity and (2)
the manner in which the solar wind is propagated out
to Earth.

We apply the PFSS model using a standard ap-
proach. We set the source surface radius to Ry = 2.5
R [Altschuler and Newkirk, 1969; Hoeksema, 1983; and
Wang and Sheeley, 1990] and obtain the radial poten-
tial field solution of the corona in terms of a series ex-
pansion of spherical harmonics [Altschuler and Newkirk,
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1969; Wang and Sheeley, 1992). We truncate the series
above multipole ¢ = 30.

4.1. Expansion Factor-Velocity Relationship

The magnetic expansion factors f, are determined at
each point P on the source surface by comparing the
computed local field strength BY (R;) at P with the as-
sociated photospheric value B (Rg), as tracked back
along the field line passing through P. Mathematically,
fs = (Ro/Rs)’ [BF(Ro)/BF(Rs)]. Once all the ex-
pansion factors are determined, the solar wind speed is
assigned to each point on the source surface by using
the following empirical relationship between solar wind
velocity and expansion factor:

v (fs) = 267.5+ [410/( fs)2/5] . (4)
This equation applies strictly near the solar equator,
since it was derived from low latitude in situ data. We
note here an important difference between our approach
and that of Wang and Sheeley [1990, 1992]. Their
v — fs relationship is based upon the empirical corre-
lation found between the solar wind velocities observed
at Earth with the corresponding fs values determined
at the source surface. These two quantities are linked
by the time required for the radially propagating solar
wind (assumed to be flowing at constant velocity) to
traverse from Sun to Earth.

In our implementation, however, the v(f;) function
relates the expansion factor at the source surface with
the solar wind velocity at the source surface. Our v — f
relationship is determined empirically, by iteration, un-
til a reasonably good agreement between observed and
predicted velocities at Earth is obtained. The assump-
tion of constant flow speed partially explains why the
WS v— f, plots [e.g., Wang and Sheeley, 1995b; Wang et
al., 1996] show so much scatter: solar wind streams do
not travel with constant speeds and they interact with
each other. Solar transients, e.g., coronal mass ejec-
tions (CMEs), are another reason the WS v — f; plots
have so much scatter. The WS model predicts only the
background flow, and CMEs were not excluded from
the data sample. - '

4.2. Propagation of the Solar Wind to Earth

While more sophisticated numerical models exist to
propagate solar wind from the Sun to Earth and to
account for stream-stream interactions [e.g., Hakamada
and Akasofu, 1982; Pizzo, 1982], a simpler method is
used here.

In the inertial reference frame, the solar wind flows
radially outward from the Sun. The synodic rotation
period of the Sun (27.2753 days) is only slightly longer
than the sidereal rotation period (25.4 days). Because
of the small time difference between these two rotation
periods and the resolution limit (i.e., 5°) set by the
grid’s finite cell size, we apply no corrections in the
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arrival times of solar wind streams due to the motion
of the Earth.

The first step in predicting the solar wind speed at
Earth is to generate a solar wind speed synoptic map
(for the source surface) using the method described in
section 4.1 for converting fs into velocity. Next, we
record the time of central meridian passage and the as-
sociated velocity for each 5° x 5° cell on this map lying
along the ecliptic line (i.e., the track of the subearth
point). We propagate this time series of solar wind ve-
locities outward toward Earth, allowing for interactions
between the elements along the way. Each element is
permitted to travel unhindered for 1/8 AU at a con-
stant velocity equal to its assigned value at the source
surface. The velocities of adjacent, interacting fluid el-
ements are recalculated at the advanced position using
the following weighting function:

: (5)
TN W) + (o)
The date of arrival of the faster moving element at 1/8
AU is adjusted to equal the date of arrival of the slower
moving element. The velocities assigned to each ele-
ment at 1/8 AU are now used, and this process is re-
peated out to 2/8 AU, and so on, out to 1 AU. The
velocity time series at this point corresponds to the pre-
dicted solar wind speed at 1 AU for each new synoptic
map. Because 72 velocity cells lie along the ecliptic line,
we can predict the solar wind speed with a time reso-
lution of ~1/3 day. Thus a 4-day advanced prediction
means, in practical terms, that we select those two or
three velocity values that lie within the time range 4 +
0.5 days ahead of the date in which the synoptic map
was created.

IMF polarity is predicted using nearly the same pro-
cedure except that we take the average of overlapping
IMF elements instead of using a weighting function like
(5). The average is used because the model is useful for
predicting only the polarity and not the magnitude of
the IMF at Earth. However, IMF polarity is assigned
to the magnetic field values only after they have arrived
at Earth.

Although we make 1- to 7-day advanced predictions
each day using the daily updated and full-rotation syn-
optic maps, we present in this paper only the results for
the 4-day advanced predictions. The 4-day advanced
predictions provide the best overall agreement with the
observations, because the mean propagation time from
the source surface to Earth is ~4 days.

The procedures for making solar wind speed and IMF
polarity predictions differ slightly when using daily up-
dated as opposed to full-rotation maps. In the daily
updated mode a new synoptic map is made each time
a new WSO magnetogram is obtained. Using this
new synoptic map, we make predictions 1- to 7-days
in advance of the date the synoptic map was created
(Thewmap)- If a new magnetogram is obtained the next
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day, we generate a new synoptic map and make new 1-
to 7-day advanced predictions based on it. If no magne-
togram is available for the next day, we use the previous
day’s map, assign it a creation date of Thewmap + 1, and
make solar wind predictions 1-7 days in advance of this
new date. We continue this procedure until a new mag-
netogram becomes available or 7 days has passed. If
a new magnetogram is not obtained within 7 days, we
stop making predictions altogether.

The procedure followed for the full-rotation maps is
simpler. Starting on the date for which a new Carring-
ton rotation begins, the previous Carrington rotation’s
synoptic map is used to make 1- to 7-day advanced pre-
dictions. The same map is used for 28 days without
being updated.

5. Predictions Using Three Methods

Using a 3-year (late 1994 to late 1997) set of WSO
magnetograms, we predict the solar wind speed and
IMF polarity using three different methods: the full-
rotation (FR) method, the daily updated (DU) method,
and the modified daily updated (MDU) method. The
FR method uses a traditional approach, where solar
wind predictions for a given Carrington rotation (CR)
are based on the synoptic chart from the previous rota-
tion. In the DU method the synoptic maps are updated
daily with new magnetograms, but no modifications or
corrections are made to the individual magnetograms
before they are added to the synoptic charts. The MDU
method uses the same approach as the DU method ex-
cept that corrections (as discussed in detail in section
3.3) are made to the individual magnetograms before
they are assembled into synoptic maps. The solar wind
speed and IMF polarity predictions produced by the
different prediction methods are compared with hourly
averaged WIND satellite data from the same 3-year pe-
riod.

5.1. Instructive Examples

Before presenting the results of the 3-year verification
study, we introduce the methods used to compare the
predictions with the observations. To clarify issues af-
fecting the statistics and their meaning, we discuss two
specific Carrington rotations in detail: CR 1899 and CR
1911.

5.1.1. Comparison of predicted and observed
velocities: CR 1899 and CR 1911. In Figure 4,
4-day-advanced solar wind speed predictions from the
three prediction methods are compared with WIND
spacecraft velocity observations for CR 1899. Also
shown are estimates of the uncertainty in the solar wind
speed predictions, which are determined by calculating
the predicted solar wind speeds for the expansion fac-
tors located 2.5° above and below each subearth point.
To compare the predicted and observed velocities statis-
tically, we reaverage the hourly averaged WIND satel-
lite observations over 0.39-day (~9-hour) time intervals
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Figure 4. Comparison of the full rotation (FR), daily updated (DU), and modified daily updated
(MDU) 4-day-advanced solar wind speed predictions (solid black circles) with 9-hour-averaged
WIND satellite velocity observations (solid black lines) for Carrington rotation 1899. The vertical
bars are estimates of the uncertainties in the solar wind speed predictions, which are determined
by calculating the predicted solar wind speeds for the expansion factors located 2.5° above and

below the subearth points.

centered about the predicted velocities, to match the ef-
fective temporal resolution of the input synoptic data.
For CR 1899 the observed versus predicted correlation
coefficients (CCs) for the FR, DU, and MDU methods

are 0.678, 0.796, and 0.813, respectively. To quantify
the statistical significance of these correlation coeffi-
cients, we calculate the probability of chance occur-
rence. When such a probability is less than 5%, the cor-
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relation coeflicient is considered significant, and when
it is less than 1%, it is considered highly significant
[Taylor, 1982]. However, solar wind streams persist, on
average, for a minimum of 2 days [Gosling et. al., 1972].
This must be taken into account to avoid erroneous con-
fidence values. Because there are about 5.28 predicted
data points in a 2-day interval, we divide each sample
size by this number before making the above probabil-
ity calculations. With persistence taken into account,
the probability that any of the correlation coefficients
listed above occurred by chance is less than 1%.
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Another way to compare the observed v, and pre-
dicted vy, velocities is to calculate the average fractional
deviation (AFD) ((vp — vo)/vo) during the 28-day time
period shown in Figure 4. The AFDs for the FR, DU,
and MDU methods are 0.12, 0.11, and 0.11, respec-
tively. For a 400 km s™! solar wind speed a 0.11-0.12
AFD corresponds to an average deviation of only ~45
km s7!.

We compare in Figure 5 the results for the three
prediction methods with the WIND satellite observa-
tions for CR 1911 (around the time of solar minimum).
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Figure 5. Similar to Figure 4, except for Carrington rotation 1911.
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This figure is especially instructive because it highlights
a number of the advantages and disadvantages of the
three prediction methods. In the comparison between
the WIND data and the FR method the CC is only
0.065. The probability of this correlation occurring
by chance is very high, ~83%. However, the AFD is
0.11, indicating that the solar wind speed predictions
are within roughly +45 km s=! of the observed values.
During CR 1911 the solar wind speed is typically 400
km s7! or less (i.e., mostly slow wind), and although
the predictions are poorly correlated with the observa-
tions, the method correctly predicts generally slow wind
velocity. Depending on one’s predictive goal, the corre-
lation coefficient is thus not always the best measure of
the success or failure of the model.

The statistical comparison of the WIND data with
the DU predictions yields a correlation coefficient of
0.118 and an AFD of 0.12. The probability of this corre-
lation occurring by chance is ~69%. Statistically, both
the FR and DU methods perform similarly. However,
considering the flat dipole configuration of the Sun’s
global magnetic field during solar minimum, neither
method is expected to perform significantly better than
the other during this part of the solar cycle. Further
into the solar cycle, we expect and see (section 5.2) that
the daily updating methods tend to do better than the
FR method.

The DU method also exhibits a “false alarm” predic-
tion (i.e., a high wind speed prediction that does not
take place) around July 13-14, 1996. Although the DU
method updates the synoptic maps with new magne-
tograms daily, evaluations of the quality of the individ-
ual magnetograms are not performed before they are
added to the maps. The last magnetogram added to
the synoptic map before the abrupt increase in the pre-
dicted velocity appears is shown in Figure 2, our exam-
ple of a very bad magnetogram. When this particular
magnetogram is excluded from the synoptic maps, the
false prediction disappears, even if no other corrections
‘are made to the individual magnetograms. The rea-
son that this false alarm occurs in the DU method and
not in the FR method relates to differences in synop-
tic map construction. As seen in Figure 2, the quality
of the measurements at the extreme eastern and west-
ern edges of this magnetogram is very poor. In the DU
method the eastern edge of this magnetogram forms the
leading edge of the new daily updated synoptic map. As
mentioned in section 3.2, the eastern 10°-15° portion of
daily updated synoptic maps often-consists of observa-
tions from only one magnetogram, in this case a mag-
netogram of very poor quality. Synoptic FR maps are
much less dependent upon individual magnetograms,
because each region is composed of the weighted mean
of many magnetograms, including the more reliable and
heavily weighted measurements near central meridian.

In the comparison of the MDU predictions and WIND
observations in Figure 5, qualitatively, the MDU method
appears to fit the observations best. While the correla-
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tion coefficient for the MDU method is only 0.24, the
AFD is 0.096. The probability of chance occurrence
is ~40%. The false alarm prediction seen in the DU
method has disappeared, and the MDU predictions be-
tween July 11-15, 1996, are now quite good.

The examples discussed in Figures 4 and 5 demon-
strate the degree to which the predictions can be im-
proved when (1) the synoptic maps are updated with
new data as frequently as possible and (2) problematic
effects are taken into account in the construction of the
synoptic maps.

5.1.2. Comparison of predicted and observed
IMF polarities for CR 1911. In Figure 6, we com-
pare IMF polarity predictions with WIND satellite ob-
servations for CR 1911. The 9-hour-averaged WIND
IMF values are normalized to equal unit value; a pos-
itive (negative) polarity indicates that the IMF is di-
rected radially outward (inward) from the Sun to the
Earth. The upright and upside-down gray triangles rep-
resent, respectively, the polarity predictions using the
expansion factors 2.5° above and below the subearth
points. Like the “error” bars seen in Figures 4 and 5,
they assist in evaluating the reliability of the polarity
predictions. Each 9-hour interval of WIND data corre-
sponds to nine individual (hourly averaged) values when
there are no gaps in coverage. If two thirds of the nine
values have positive (negative) signs, they are assigned
a polarity of +1 (-1). If less than two-thirds are of a
particular sign, we assign that time interval a polarity
of zero, implying mixed or indeterminate polarity.

To evaluate the statistical performance of the IMF
polarity predictions, we calculate the fraction of correct
polarity predictions (FCPP), excluding periods where
the WIND data show mixed polarity. The FCPPs for
the FR, DU, MDU methods over the 28-day period
shown in Figure 6 are, respectively, 0.86, 0.91, and 0.86.
Just as in the velocity predictions, persistence of the
IMF must be taken into account before it can be estab-
lished whether a particular FCPP value has statistical
significance. We address the issue of persistence of the
solar IMF in more detail in section 5.2.3.

5.2. Long-Term Evaluation of the Three
Prediction Methods

A statistical comparison between the velocity and
IMF polarity predictions of each scheme and the cor-
responding WIND satellite observations is displayed in
Figure 7. Figures 7a and 7b show the comparison be-
tween the predicted and observed velocities using the
average fractional deviation (AFD) and the correlation
coefficient (CC), respectively. Figure 7c displays the
FCPP achieved by each prediction scheme. Each sym-
bol represents the statistical comparison between model
predictions and the WIND satellite data for a temporal
bin spanning three full Carrington rotations. The bin is
stepped forward, in increments of one Carrington rota-
tion, through the entire 3-year data set; the center of the
bin is always placed at the start date of each new Car-
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Figure 6. Comparison of the FR, DU, and MDU 4-day-advanced IMF polarity predictions (solid
black circles) with WIND satellite observations (solid black line) for Carrington rotation 1911.
The 9-hour-averaged WIND IMF values are normalized to equal unit value. A positive (negative)
polarity indicates that the IMF is directed radially outward (inward) from the Sun to the Earth.
The upright and upside-down gray triangles represent, respectively, the polarity predictions using
the expansion factors 2.5° above and below the subearth points. Similar to the vertical bars seen
for the velocity predictions, they assistant in evaluating the reliability of the polarity predictions.

rington rotation. For example, the bin centered about
the start of CR 1891 begins at CR 1889.5 and ends at
CR 1892.5. Thirty-seven comparison bins are thus pro-
duced. When there are no data gaps, each bin typically
contains more than 200 individual predictions.

As discussed in the next two sections, at least five fac-
tors can hinder the performance of the different predic-
tion methods: data gaps, transient events, the inclina-
tion of the ecliptic plane to the current sheet, the quality
of the individual measurements (e.g., polar field mea-
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Figure 7. Comparison of the FR (solid black circles), DU (solid gray squares), and MDU (open
diamonds) prediction schemes over the entire 3-year data set. The tick marks on the horizon-
tal axis are 50-day time intervals. Each symbol represents the statistical comparison between
model predictions and the WIND satellite data for a temporal bin spanning three full Carrington
rotations. The temporal bins are centered at the beginning of each new Carrington rotation
number (i.e., the large black numbers at the bottom of the plot, ranging from 1891 to 1927).
(a,b) Statistical comparison between the predicted and observed velocities using, respectively,
the average fraction deviation and the correlation coefficient. The dashed black line (Figure 7a)
is the fraction of synoptic maps that have unfilled gaps in each bin for the DU method. The
solid gray sinusoidal lines are the solar b angle. Correlation coefficients with a probability of
chance occurrence greater than 5% are indicated at the bottom of the plot with either a “b”
(i.e., borderline case) if the probability lies between 5 and 8% or an. asterisk if the probability is
greater than 8%. (c) Fraction of correct IMF polarity predictions for each method.

surements), and the rate of change of the global mag-
netic field configuration. While the prediction methods
are equally sensitive to the first two factors, their sen-
sitivities differ for the remaining three.

In the following comparison, we have done nothing
to account for transient events (e.g., CMEs), which the
WS model cannot predict. Thus the results presented
below provide only a lower limit to the actual statistical
agreement between the model’s solar wind predictions
and the “true” solar wind background parameters. In
section 5.2.2, we discuss a particular case where the
poor performance of the model can be dlrectly linked
to the occurrence of halo CMEs.

5.2.1. Comparing the predicted and observed
velocities: Average fractional deviation. In Fig-
ure 7a, we see that the AFD fluctuates over a range of
~0.15 for all three methods during the 3-year compar-
ison period. The dashed black line in Figure 7a repre-
sents the fraction of daily updated synoptic maps (i.e.,
created using the DU method) that have unfilled gaps
in each of the time bins. The largest AFD values oc-
cur during approximately the first 6 months of the 3-
year comparison period, when the unfilled gap fractions
are particularly large. There are two additional periods
when the unfilled gap fractions are significant (October
1995 to April 1996 and October 1996 to February 1997)
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and the AFDs are correspondingly large. Clearly, all
three prediction methods are sensitive to data gaps.
Data gaps do not explain all the large AFDs. There
are two periods when the AFDs are large but the
unfilled gap fractions are either very small or zero:
August-October 1996 and July-September 1997. The
first occurred during the 1996 solar minimum when the
current sheet had a flat dipole configuration and the so-
lar b angle was large. When the current sheet is nearly
parallel to the ecliptic plane, reliable solar wind speed
predictions depend acutely upon accurate knowledge of
the current sheet’s location. As discussed previously,
the PFSS model, and therefore the location of the cur-
rent sheet, is sensitive to the field strengths near the
Sun’s poles. As the magnitude of the solar b angle gets
large, the magnetic field measurements of one of the
Sun’s polar fields become increasingly uncertain. In
Figure 7a, we note an overall correlation between large b
angle and large AFD from about CR 1905 onward (i.e.,
when the current sheet becomes mostly flat). During
August-October 1996 the MDU method, with its polar
field corrections, has significantly smaller AFDs than
either the FR or the DU method. We conclude that in-
accurate polar field measurements in combination with
a flat current sheet result in less reliable solar wind
speed predictions and thus larger AFDs. However, as
seen in the MDU method, the predictions can often be
improved when polar field corrections are made to the
magnetograms. During the second time interval (July-
September 1997), b is once again large and positive, but
the FR method actually has smaller AFDs than either
the MDU or DU methods. The current sheet began to
deviate from its previously flat configuration by ~CR
1925-1926, decreasing the sensitivity of the models to
uncertainties in the polar field strengths and explain-
ing why the DU method has AFDs similar to those of

the MDU method during the second time interval. The
FR method makes the best predictions when the global
solar magnetic field is changing slowly (recall that the
FR prediction method updates the synoptic maps only
once per Carrington rotation), which may explain why
its AFDs are significantly smaller during CR 1925-1927.

Using the AFD as our criterion, we find the MDU
method has the best overall performance of the three
predictions methods. The AFDs for the complete 3-year
study period are 0.159, 0.157, and 0.150 for the FR, DU,
and MDU methods, respectively. Except for the first 6
months of the study, where the unfilled gap fraction
is quite large and all the prediction methods suffer, the
MDU method yields AFD values that consistently range
between ~0.10 and ~0.15. For a typical solar wind
speed of 400 km s™!, an AFD ranging between 0.10
and 0.15 implies solar wind speed predictions that are,
on average, within 40 to 60 km s™! of the measured
values.

5.2.2. Comparing the predicted and observed
velocities: Correlation coefficient. For each pre-
diction technique, we display in Figure 7b the 37 CCs
produced by our sliding time bin comparison of pre-
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dicted and observed velocities. Correlation coefficients
with a probability of chance occurrence greater than 5%
are indicated at the bottom of the plot with either a “b”
(i.e., borderline case) if the probability lies between 5
and 8% or an asterisk if the probability is greater than
8%. Correlation coefficients that are statistically signif-
icant have blank entries at the bottom of the plot.

Time bins with statistically insignificant CCs tend to
group around periods when the unfilled gap fraction is
large. This is especially true for the MDU method even
though it relies on the least data of the three methods;
it is the only method that excludes poor quality data.
(Recall that the unfilled gap fraction plotted in Figure
7a is for the DU method; the unfilled gap fractions for
the MDU method are somewhat more extensive than
those of the DU method because data are excluded.)
This is consistent with the result from section 5.2.1,
which found that the AFDs tend to be larger when the
unfilled gap fraction is also large. Data gaps are one of
the leading causes for the breakdown of the model.

Although large CCs and small AFDs are the statis-
tical ideal (e.g., CR 1899), it is much more important,
for forecasting purposes, that the model produce small
AFDs (e.g., CR 1911) than large CCs, because the dif-
ference between fast and slow solar wind speeds is better
distinguished. For example, consider time interval CR
1892-CR. 1894, which has both large CCs and AFDs
for the MDU method. The large CCs imply that the
predictions track the changes in the observed velocities
well, but the large AFDs suggest uncertainties in the
predicted velocities of the order of ~100 km s~! for a
400 km s~! solar wind. Such large uncertainty makes it
difficult to distinguish between fast (~500 km s~!) and
slow (~300 km s™!) wind.

The MDU method significantly outperforms both the
DU and FR methods during the period following solar
minimum (May 1996) until about October 1996, when
the unfilled gap fraction becomes large. As mentioned
in the previous section, the combination of a flat cur-
rent sheet and a large solar b angle explains why the
MDU method, with its polar field corrections, does bet-
ter than the other two methods during this time inter-
val.

The number of coronal mass ejections (CMEs) gen-
erated during the first 10 months of 1997 (e.g., 13 halo
events occurred) is much greater than that for the whole
of 1996 (only two halo events) as seen in the Large Angle
and Spectrometric Coronograph (LASCO) Experiment
CME List (http://ares.nrl.navy.mil/cmelist.html). This
may partially explain some of the statistically insignif-
icant CCs for the year 1997. In fact, three halo CMEs
occurred during a 30-day period spanning CR 1926 and
CR 1927 when the solar b angle was large and all three
models did particularly poorly.

For each prediction method, over the complete 3-year
set of data, the CCs are as follows: MDU method, 0.389;
DU method, 0.363; and the FR method, 0.343. With
typically more than 2200 comparisons (corresponding to
an equivalent sample number of 2200/5.28 ~ 417) be-
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tween predictions and observations for each method, the
probability that any of these CCs occurred by chance
is many orders of magnitude less than 1%.

5.2.3. Comparing the predicted and observed
IMF polarities. We compare each model’s IMF po-
larity predictions with WIND satellite observations by
calculating the fraction of correct polarity predictions
(FCPP). In Figure 7c, we use our sliding time bin tech-
nique to calculate the FCPP for each bin and for each
prediction method.

There is an overall tendency for the FCPP values to
be large when the magnitude of the solar b angle is also
large. This trend makes sense physically, because the
low inclination of the current sheet to the ecliptic plane
during most of this 3-year period makes predicting the
time of current sheet crossing difficult. A large solar b
angle is more likely to place the subearth point clearly
above or below the solar current sheet, thus minimizing
the likelihood of crossing.

The FCPPs for the entire 3-year study period are
0.764, 0.746, and 0.751 for the DU, FR, and MDU meth-
ods, respectively. To establish the statistical signifi-
cance of these results, we must first account for persis-
tence in the IMF polarity. We make the simple, but very
conservative, assumption that the Sun’s global mag-
netic field was, on average, that of a tilted dipole during
the entire 3-year study period. Hence the persistence
of the solar wind is expected to be 13.64 days (i.e., half
of a Carrington rotation) for each IMF polarity. We
then divide the IMF sample number for each prediction
method by this time period to account for persistence.
The resulting sample sizes are, respectively, 174, 145,
and 145 for the DU, FR, and MDU methods. We expect
an FCPP of 50%, if the probability of obtaining a partic-
ular IMF polarity is due only to that of random chance.
Using binomial statistics [Taylor, 1982], we calculate
the probability of obtaining an FCPP greater than or
equal to that actually achieved purely as a result of
chance. For each prediction method, this probability is
many orders of magnitude less than 1%.

The flat dipole configuration of the global solar mag-
netic field during solar minimum, and the lack of sen-
sitivity of the source-surface field to small-scale field
changes at the photosphere is the likely explanation for
the very similar performances of the three prediction
methods. As the solar cycle progresses and the current
sheet warping increases to greater degrees, the models
are likely to begin to differ more from each other in their
IMF polarity predictions.

6. Summary and Conclusions

We have made a number of changes to both the orig-
inal WS model prediction scheme and to its input (i.e.,
WSO magnetograms). With these changes we have con-
ducted a statistical comparison between a traditional
version and two daily updated versions of the WS model
using 3 years (late 1994-late 1997) of WIND satellite
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data as a baseline. Our results show that the inverse
v — fs correlation is valid on a timescale of the order of
a day and that the MDU method in particular shows
a clear improvement over the more traditional FR pre-
diction method.

The original WS model/prediction technique is mod-
ified in two ways. First, we use a continuous empirical
function to relate expansion factor with velocity, as-
signing the velocities at the source surface instead of
at Earth. Second, we propagate radially the flow out
to Earth using a simple scheme which includes the ef-
fect of solar wind stream interactions. The model input
is modified to account for a number of problematic fac-
tors including projection effects, annual variation in the
solar b angle, poor polar field determinations, and qual-
ity control of the individual magnetograms. We find
that when these factors are carefully accounted for, the
performance of the model is greatly improved. The in-
put data are also modified by updating the synoptic
maps daily, when possible. This allows the model to
keep pace with changes in the global solar magnetic
field configuration on a timescale of the order 1 day.
Solar and Heliospheric Observatory/Michelson Doppler
Imager (SOHO/MDI) and Global Oscillation Network
Group (GONG) magnetograms are well suited for up-
dating on shorter time scales.

The model can break down for a number of reasons.
During intervals when the unfilled gap fraction is large,
the velocity predictions tend to have large AFDs and to
be statistically uncorrelated with the observations. In
addition, the PFSS model is sensitive to field strengths
near the Sun’s poles. When the solar b angle is large
and the current sheet flat, the performance of the mod-
els is diminished. The predictive performance of the
DU method is most affected on such occasions, while
the MDU method (with its polar field corrections) is
least affected. False alarm predictions are more likely
to occur when b is large. Finally, an increase in the
number of CMEs (which the models cannot predict)
generated near the end of the 3-year study period (es-
pecially during CR 1926 and CR 1927), combined with
a large solar b angle, contribute to the poor performance
of the models at this time. .

We find that the MDU method with its polar field
corrections and data quality control technique offers the
best background velocity predictions of the three meth-
ods. The MDU prediction method has the most consis-
tent AFD values, which varied between 0.10 and 0.15
for most of the 3-year study period. That is, the MDU
method can (on average) reliably predict the solar wind
speed to within 10-15%, thus making it easier to dis-
tinguish between fast and slow streams. Of the three
prediction methods the MDU method has the largest
correlation coefficient (0.389) between solar wind speed
predictions and observations. We find that all three
methods predict, on average, the solar wind IMF po-
larity correctly ~75% of the time. When the Sun’s
magnetic dipole current sheet is flat, all three models
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predict the IMF polarity best when the subearth point
is located far above or below the current sheet. When
the current sheet begins to warp as the solar cycle pro-
gresses, the predictive performances of the models with
respect to the IMF are likely to differ. '

In addition to improving forecasts of current sheet
crossing times and the occurrence, arrival times, and ve-
locities of high-speed streams, reliable velocity and IMF
polarity predictions can be used in other space weather
applications. For instance, velocity and IMF polarity
predictions can be used to forecast the geomagnetic Ap
index [Detman and Vassiliadis, 1997]. Improved pre-
dictions of solar wind ambient conditions can provide
kinematic and magnetohydrodynamic solar wind mod-
els with more realistic boundary conditions. Eventually,
this could lead to improved forecasts of the arrival time,
structure, and geoeffectiveness of transients events such
as CMEs.
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