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Abstract Since the middle of the last decade, UCSD has incorporated magnetic field data in its Institute
for Space‐Earth Environmental Research interplanetary scintillation tomographic analysis. These data are
extrapolated upward from the solar surface using the Current Sheet Source Surface model (Zhao &
Hoeksema, 1995, https://doi.org/10.1029/94JA02266) to provide predictions of the interplanetary field in
RTN coordinates. Over the years this technique has become ever more sophisticated, and allows different
types of magnetogram data (SOLIS, Global Oscillation Network Group, etc.,) to be incorporated in the field
extrapolations. At Earth, these fields can be displayed in a variety of ways, including Geocentric Solar
Magnetospheric (GSM) Bx, By, and Bz coordinates. Displayed daily, the Current Sheet Source Surface
model‐derived GSMBz shows a significant positive correlation with the low‐resolution (few day variation) in
situ measurements of the Bz field. The nano‐Tesla variations of Bz maximize in spring and fall as Russell
and McPherron (1973, https://doi.org/10.1029/JA078i001p00092) have shown. More significantly, we find
that the daily variations are correlated with geomagnetic Kp and Dst index variations, and that a
decrease from positive to negative Bz has a high correlation with minor‐to‐moderate geomagnetic storm
activity, as defined by NOAA Space Weather Prediction Center planetary Kp values. Here we provide an
11‐year study of the predicted Bz field, from the extrapolation of the Global Oscillation Network
Group‐magnetograms. We provide a skill‐score analysis of the technique's geomagnetic storm prediction
capability, which allows forecasts of moderate enhanced geomagnetic storm activity. UCSD and the Korean
Space Weather Center currently operate a website that predicts this low‐resolution GSM Bz field
component variation several days in advance.

1. Introduction

Earlier articles (Jackson et al., 2010, 2011, 2013) show the utility of using interplanetary scintillation (IPS)
analysis to provide the heliospheric plasma parameters velocity and density at Earth, using the UCSD 3‐D
reconstruction technique. In these analyses, Institute for Space‐Earth Environmental Research (ISEE),
Japan (Kojima & Kakinuma, 1987; Tokumaru, 2013; Tokumaru et al., 2011), IPS is generally used as a remo-
tely sensed data source since they are available regularly online at ftp://ftp.stelab.nagoya‐u.ac.jp/pub/vlist/
rt/ and updated early in the day following their being obtained. This allows UCSD to provide forecasts of
conditions in the interplanetary medium a few days into the future because the IPS observations are
obtained from closer to the Sun than Earth, and usually heliospheric structures take about 4 days to travel
to 1 AU.

National Solar Observatory Global Oscillation Network Group (GONG) observations (http://gong.nso.edu/
data/magmap/) provide solar surface magnetic field data to the Current Sheet Source Surface (CSSS) model
(Zhao & Hoeksema, 1995) for input to the 3‐D reconstruction analysis (see Dunn et al., 2005). These fields
vary rather smoothly even though they are currently provided as a new source surface with a 6‐hr cadence
to the UCSD 3‐D reconstructions (see section 2.2) and are unaveraged in transit or at Earth for comparison
with in situ measurements. As discussed in Jackson et al. (2016), and known to be necessary to make field
strengths match in situ measurements (e.g., Linker et al., 2017), GONG data are multiplied by a factor of
two from the original surface fields in order to provide a more accurate amplitude comparison at Earth.
In the usual CSSS modeling effort, we call “open field” in Jackson et al. (2016), there are only radial fields
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present on the inner source surface. Using the Parker (1958) solar wind equations, this field is extrapolated
outward in the UCSD 3‐D reconstructions as a “frozen in” field that conserves the timing and interactions
present in the UCSD time‐dependent kinematic model. In this formulization using heliographic coordinates,
there are only radial and tangential fields (RTN in heliographic radial, tangential, and normal coordinates)
present; the north‐south (normal) field is zero. Jackson et al. (2016) provide a comprehensive analysis of how
well these field predictions compare with Advanced Composition Explorer (ACE; Stone et al., 1998), or
Wind (Ogilvie & Parks, 1996) in situ measurements over the 10‐year period of available GONG data.

The determination of magnetic field direction and strength is an important prediction goal in heliospheric
physics because magnetic field strengths and directions are one way that the Sun interacts with nearby pla-
netary bodies. At Earth a southward field in Geocentric Solar Magnetospheric (GSM) coordinates can couple
with Earth's geomagnetic field (e.g., Kamide et al., 1997; Russell, 2001) to provide geomagnetic activity.
Geomagnetic prediction models generally attempt to extrapolate north‐south fields into the interplanetary
medium associated with Coronal Mass Ejections (CMEs) since these are well‐known progenitors of the lar-
gest geomagnetic storms (e.g., MacNeice et al., 2018). However, for minor and moderate storms there are
generally no known associated CMEs observed in situ (e.g., see Choi et al., 2017). In fact, much substorm
activity is generally thought associated with corotating heliospheric structures (Tsurutani et al., 2006).

This article shows for the first time that a large portion of this storm activity can be associated with the daily
cadence presentation of southward turning magnetic field in GSM coordinates that is accompanied by the
tangential field direction in RTN coordinates. Although this has been noted before as a weakly present
variation in geomagnetic activity known as the Russell‐McPherron effect (Russell & McPherron, 1973), we
show that the UCSD analysis of the Bz conversion of the tangential RTN component daily provides a reason-
able prediction of background Bz values, and also a good forecast of minor (Kp of 5) to moderate (Kp of 6)
and greater storm activity several days into the future using our 3‐D reconstruction technique.

Section 2 of the present article provides a further accounting of how GONG data sets are extrapolated to
1 AU where they are converted to GSM coordinates and compared with ACE in situ measurements.
Section 3 details the 11‐year study that correlates the Bx, By, and Bz GSM fields near Earth from our
GONG extrapolations with ACE in situ magnetic fields. Section 4 is a similar 11‐year comparison analysis
of GSM Bz from our extrapolated values and ACE in situ measurements compared with Dst downloaded
from the OMNI website. Section 5 discusses these results in terms of the Russell McPherron effect.
Section 6 shows an example where the values of positive Kp have been forecast, and includes a skill‐score
determination of predicted Bz decreases with Kp index. We conclude in section 7.

2. Tomographic Analysis and Field Extrapolation Using a Sample Data Set

We note here a distinction between predictions and forecasts. In this article predictions are the ability to
extrapolate remotely sensed data on from the Sun and inner heliosphere to provide modeled values that
are checked by in situ measurements at the current time. Forecasts are the ability to provide warning of
an impending event. Predictions can be available using archived data sets while true forecasts are present
only in real time without knowledge of the eventual outcome. Both are available using the IPS analyses
and will be discussed in the following sections. Although the UCSD analysis makes a forecast of impending
southward Bz values, these are only one of many diagnostics that large space weather institutions have avail-
able to provide a final version of what will actually occur.

2.1. UCSD Plasma Velocity and Density Predictions and Forecasts

IPS observations began in earnest in the early 1960s, primarily with work in Cambridge, England, by Hewish
et al. (1964); it was clear from that time onward that this allowed a remotely sensed depiction of the inner
heliosphere (Ananthakrishnan et al., 1980; Behannon et al., 1991; Gapper et al., 1982; Hewish & Bravo,
1986; Houminer, 1971). However, it was not until computer assisted tomography (CAT) was introduced
(Jackson et al., 1998; Kojima et al., 1998) that heliospheric structures could be readily used to predict condi-
tions at 1 AU and globally throughout the inner heliosphere. IPS observations from ISEE, Japan—formerly
named the Solar‐Terrestrial Environment Laboratory—have been used for space weather predictions and
forecasts since early in this century (see Jackson et al., 2011; Tokumaru, 2013, for reviews).
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Both the UCSD and ISEE iteratively fit IPS observations of velocity perpendicular to the line of sight.
However, unlike the ISEE CAT program, the kinematic program used at UCSD provides a time‐dependent
analysis that fits IPS scintillation‐level as a density proxy and conserves mass and mass flux from a lower
boundary at 15 Rs (Jackson & Hick, 2005; Jackson et al., 2003, 2008, 2010, 2012, 2013). The time‐dependent
aspect of the UCSD CAT program allows both CMEs and corotating structures to be reproduced.
Heliospheric features first viewed close to the Sun can be followed until they pass to the edge of the recon-
structed volume that is generally extended to 3 AU. Use of the full IPS data set is an obvious prediction of
event processes at Earth. An archival analysis of these time‐dependent reconstructions has been available
on the UCSD website: http://ips.ucsd.edu from the year 2000. Since early in this century, the NASA
Goddard Community Coordinated Modeling Center has also maintained a “runs on request” version of
UCSD prediction analysis at their website (https://ccmc.gsfc.nasa.gov/requests/requests.php). Jian et al.
(2015, 2016) have compared the IPS results from the IPS prediction modeling and have as good or a better
correlation with in situ measurements than other heliospheric models extant at the Community
Coordinated Modeling Center over the seven Carrington rotations studied in 2007. Since spring 2013 a near
real‐time forecast analysis of plasma parameters density and velocity has also been used at http://iswa.ccmc.
gsfc.nasa.gov (MacNeice et al., 2018).

IPS results are normalized and compared with a variety of different in situ measurements including veloci-
ties and densities from the ACE, Solar Wind Electron Proton Alpha Monitor (SWEPAM) (McComas et al.,
1998), and densities measured from ACE or from the Charge, ELement, Isotope Analysis System
(CELIAS) proton monitor (Hovestadt et al., 1995) onboard the SOlar and Heliospheric Observatory
(SOHO) spacecraft (Domingo et al., 1995). Evenmore recently NOAA's DSCOVR satellite (https://www.nes-
dis.noaa.gov/content/dscovr‐deep‐space‐climate‐observatory) in situ measurements have been incorporated
in near real‐time comparisons.

Figures 1 and 2 are samples of the IPS respective volumetric velocity and density analysis from the UCSD
archival website using 3‐D reconstructions that have resolutions of 20° × 20° in latitude and longitude,
and a 1‐day time cadence, and are fairly typical for this period and time of year (see ftp://cass185.ucsd.
edu/data/IPS_archival_data/). Because speeds remain generally constant within a factor of two in the helio-
sphere, andmaterial expands outward as a spherical shell, ecliptic cuts through the reconstructed density, as
in Figure 1b, have an r−2 falloff removed, normalized to 1 AU to best display structures as they move out-
ward from the Sun. In situ densities and velocities obtained from NOAA are smoothed in time with a 1‐
day moving boxcar mean to make them commensurate with the low‐resolution IPS 3‐D reconstruction

Figure 1. Sample of the UCSD volumetric analysis shown here as ecliptic cuts through the 3‐D reconstructed volume from
15 Rs out to 1.5 AU. The Sun is in the center of each plot with the Earth shown on its orbit to the right. A contour
scale is given to the left. (a) Radial velocity. (b) Density given in protons cm−3. An r−2 falloff has been removed from the
density to normalize values to 1 AU. ISEE = Institute for Space‐Earth Environmental Research.
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analysis. This averaging matches the approximate temporal and distance resolutions available in the
tomographic analysis near Earth (see Jackson et al., 2008).

2.2. UCSD Extrapolation of CSSS Fields and the Prediction of GSM Bz

The 3‐D reconstruction of the solar wind velocity in the UCSD time‐dependent analysis is used to forward‐
model the Zhao and Hoeksema (1995) CSSS RTN magnetic field, extending it out to the edge of the global
boundary considered by the IPS analysis. As previously mentioned, more detailed descriptions are found
in Dunn et al. (2005) and in Jackson et al. (2012, 2016). Even though GONG synoptic maps are currently
updated with a 6‐hr cadence in the UCSD time‐dependent tomography, our analysis essentially provides
only background solar wind component fields. The reason for this, as discussed in Dunn et al. (2005), is that
rapidly changing transient currents and their associated fields, such as those from CMEs in the corona and
inner heliosphere, currently are not observable on a regular basis. We here project RTN coordinate radial
and tangential fields outward using the Parker (1958) postulation (see Figure 3; also in Dunn et al., 2005,
and Jackson et al., 2016). Here, Br, Bϕ, and Bθ are, respectively, the radial, tangential, and normal compo-
nents of the field that vary with radius (r) relative to the 1 AU value (r0), velocity (V), and solar rotation
(ω), and this formulization has Bθ equal to zero. However, since 2005 until late 2016, we only compared
to ACEmeasurements in RTN and we did not convert our values to GSM because we assumed that the rela-
tively small Bz component impressed from Bϕ would not give a statistically significant result.

Figure 2. Time series from the IPS 3‐D reconstructions (dashed lines) compared with ACE Solar Wind Electron Proton
Alpha Monitor Level 0 measurements over the same Carrington rotation 2055 time period. The in situ measurements
have been smoothed by a 1‐day boxcar filter to provide a signal commensurate with the 1‐day cadence of the tomographic
analysis. A Pearson's “R” correlation coefficient is given in the right panel of the time series. The density structure
about to reach Earth in Figure 1b appears here as a small increase in velocity on 23 April 2007 (a) that follows an increase
in density (b). ACE = Advanced Composition Explorer; IPS = interplanetary scintillation.
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Although solar rotation provides no normal field perpendicular to the solar equatorial plane, GSM
coordinates are defined in a plane perpendicular to the solar radial direction and the Bz field is parallel to
the projection of the solar geomagnetic axis in that plane. In both the spring and fall of a year the tangential
field in RTN coordinates has a maximum vector component directed along the Bz field component; this field
component can couple with the Earth's field component, and as shown by Russell and McPherron (1973),
correlates with enhanced geomagnetic activity in the spring and fall. To show this in a graphical way,
Figure 4 depicts the Earth's position at the autumnal equinox as an observer would view Earth and the
eclipsed Sun from slightly beyond 1 AU. The ecliptic is shown as the straight horizontal line; the
heliographic equator as an elongated ellipse at the time of the equinox. The Earth is shown with an arrow
depicting the direction of the north geographic pole that has a 23° tilt relative to the ecliptic plane. This tilt
is slightly greater than 23° relative to the heliospheric tangential component of field at this time. The average
daily geomagnetic field with a daily wobble is aligned approximately with the geographic polar axis. The
GSM coordinate system is defined by a plane that is perpendicular to the radial from the Sun and is in the
plane of the paper in this figure. UCSD extrapolates the radial and tangential magnetic fields in RTN
coordinates. In RTN coordinates Br is antiparallel to Bx in GSM coordinates, but the difference between
the Earth's polar field direction and the heliographic equator provides a small field component that is either
in, or opposite to, the direction of the Earth's polar field. The inset to the lower right gives the ±direction (Bt)
of the RTN tangential field component at Earth at this time; the average daily geomagnetic field component
(G) is also shown. Plotted as a daily average, or more frequently, this G field is the component that can
couple to the Earth's polar field.

Figure 3. In the heliosphere beyond the Current Sheet Source Surface model source surface, the rotating Sun provides a
spiral field that approximately follows the equations given above in RTN coordinates as structures flow approximately
radially outward from the source surface near the Sun. The spiral field that gives rise to both a radial and tangential field
component in RTN coordinates provides no field normal to the solar equatorial plane.

Figure 4. Geocentric Solar Magnetospheric coordinate vector map at the autumnal equinox. The Earth in blue is depicted
in front of the Sun. The inset to the right gives the direction of the tangential field relative to the average daily
geomagnetic field component.
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The accurate velocity and timing from the IPS tomographic velocities and
relatively good correlations using the UCSD kinematic modeling allow us
to take the forward modeled RTN coordinate fields one step farther and
provide GSM Bx, By, and Bz fields modeled daily.

3. Correlations Between IPS GONGExtrapolations and
GSM Bx, By, and Bz

Sample plots of the IPS CSSSmagnetic fieldmodel extrapolations from the
tomographic source surface at 15 Rs are shown in Figure 5 for Carrington
rotation 2055. These are converted to GSM coordinates and superimposed
over the corresponding ACE fields. Although the GONG synoptic maps
are currently refreshed approximately every 6 hr, the changes in extrapo-
lated field are not as great as either the densities or velocities at 1.0 AU,
and thus to match these fields we have averaged the ACE in situ measure-
ments given by NOAA as 1‐hr averages with a 3‐day boxcar filter. The
reason for this averaging interval is explored more fully in Jackson et al.
(2016) and has to do with factors that include the smoothing and outages
present in the GONG data that provides input to the CSSS model, the
CSSS model itself, and potential solar wind nonradial flow that is not sup-
ported by the UCSD kinematic 3‐D reconstruction model. The Pearson's R
correlation between the time series is shown to the right above each panel.
Clearly there is a significant correlation between each time series, even for
the GSM Bz component. We do not plot p values (or the statistical signifi-
cance of these results), but these can be determined for each comparison
simply enough by assuming that there are a given number of independent
values throughout the Carrington rotation for each correlation coefficient.
Although there are variations of shorter length in our 3‐day boxcar
averages in a Carrington rotation (27 days in length), in the worst case,
a 3‐day boxcar average implies nine independent variables are present
for each Carrington rotation correlation. An R correlation of 0.8 gives
about one chance in 100 of having a null hypothesis, and with many of
these p values at different times throughout the 11‐year period, a null
hypothesis for the ensemble of rotations is extremely unlikely (also see
section 4).

As in Jackson et al. (2016) we provide these correlations from the begin-
ning of the GONG data set. Unlike the former analysis, we have provided
correlations with tomographic resolutions that are slightly less well
resolved (with a 20° × 20° latitude and longitude resolution and a 1‐day
temporal cadence) from 2006 until nearly the end of 2017. Figures 6a
and 6b give the results of the correlations of Bx and By for each

Carrington rotation studied. With few exceptions every rotation throughout the 11‐year period shows a high
positive correlation between the field extrapolated to Earth by our CSSS modeling technique and the
NOAA‐provided GSM measured coordinate. A significant positive correlation is also generally present for
most Carrington rotations between our extrapolated CSSS modeled Bz value and the GSM Bz component
(Figure 6c) throughout the 11‐year period. Here we have culled the comparison data set somewhat to allow
only those Carrington maps with amplitude variations larger than 0.25 nT to be used in the analysis.

Because of UCSD computer memory limitations, the time‐dependent tomography can only be calculated for
a few Carrington rotations at a time. In addition, the IPS analyses have not been continuous through the
years prior to 2010 because of array closure due to winter mountain snow in Japan. Additionally, the array
system is sometimes closed for week long intervals for maintenance. Thus, we have not previously provided
a correlation of the whole time series throughout the 11‐year period, and have only assumed that the
Carrington rotation end effects in our analysis do not influence the outcome. As a check on this, however,

Figure 5. Time series from the Current Sheet Source Surface modeling and
IPS 3‐D reconstruction extrapolations of Global Oscillation Network Group
data (dashed lines) converted to Geocentric Solar Magnetospheric coordi-
nates at Earth compared with ACE magnetometer measurements in
Geocentric Solar Magnetosphere over the same Carrington rotation 2055
period. The in situ measurements have been smoothed by a 3‐day boxcar
filter as indicated in the upper left hand corner of each of the first panels and
on the vertical axis on the right panels above to provide a signal commen-
surate with the smoothed values from the Current Sheet Source Surface
tomography modeling. (a) Bx, (b) By, (c) Bz. ACE = Advanced Composition
Explorer; IPS = interplanetary scintillation.
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we have joined each time series in the analysis, and have calculated corre-
lations where GSM observations exist from both ACE measurements and
the IPS data for each component from 8 March 2009 through to 10 July
2018. For this more than 9‐year interval, only 2% of the comparison times
are missing, The correlation comparisons over this interval are, respec-
tively, 0.685, 0.636, and 0.382 for Bx, By, and Bz, confirming that end
effects from our individual Carrington rotation analyses have little signif-
icance for the Figure 6 average correlation outcomes. This is in spite of the
fact that including the low amplitude variations for the continuous time
series correlation adds noise to the comparison in the more restricted data
set of Figure 6c.

4. GSM Bz Correlations With Dst and Kp Over the
11‐Years of GONG Data

In this section, our CSSS extrapolated fields converted to GSM for
Carrington rotation 2055 are correlated with Dst. In these analyses Dst
has been averaged with a 3‐day boxcar to be commensurate with the
approximate averaging present over the Carrington rotation available
from our modeled values of Bz. In the example plotted in Figure 7 we
see a positive correlation with Dst that is as high as the comparison
between our extrapolated value of Bz and that measured by ACE! This
comparison takes more explanation in its presentation. Dst is a geomag-
netic storm‐time index developed to specify the severity of geomagnetic
activity; the largest Dst variations can appear over a period of much less
than a 3‐day interval and these are generally present in the data we access
through the OMNI website at http://wdc.kugi.kyoto‐u.ac.jp/dst_final/
index.html where this index is given at 1‐hr intervals. Our boxcar aver-
aging decreases the amplitude of the 1‐hr measurements from this web-
site. In the example shown in Figure 7, the largest Dst decrease (−63) in
1‐hr measurements from the OMNI website during this Carrington rota-
tion occurred suddenly at 9 UT 1 April, and recovered gradually over
the next few days until it became positive on 8 April. The next largest
Dst decrease during this Carrington rotation period in the 1‐hr data occurs
at 1 UT 28 April (−42) again beginning abruptly a few hours before this
but lasting for over the following 6 days. Both the positive and negative
Bz decreases somewhat precede our plotted low‐resolution Dst indices.
Dst index gives a measure of the ring current around Earth and is used
to assess the severity of geomagnetic storms. The actual measurement
given at the Kyoto website are derived from the horizontal component
of the geomagnetic field that approximates the uniform magnetic field
parallel to the geomagnetic dipole axis and directed southward. Thus,
our Bz variations that couple with Earth's geomagnetic field should have
a similarity to the derived Dst index with a lag impressed if by nothing else
than the abrupt onset and more gradual increase generally presented in
Dst variations. Since the UCSD 3‐D extrapolation of fields gives little indi-
cation of the short‐term transient field variations in the corona, and no
indication of the mechanics of the rapid changes of the ring current, espe-
cially at the onset of large geomagnetic storms, the correlations in the few‐
day resolution data per Carrington rotation that we find seem reasonable
to us. We note that our value of Bz needs to be multiplied by a factor of ~13
to give variations similar to those of our averaged Dst index magnitude.

Following, we now show the comparisons of our extrapolated CSSSmodel
values of field converted to GSM Bz over the more than 11‐year period of

Figure 6. Eleven‐year study of Pearson's R correlations for the Current
Sheet Source Surface model Global Oscillation Network Group extrapo-
lated Geocentric Solar Magnetospheric field component correlations com-
pared with Advanced Composition Explorer in situ observations per
Carrington rotation (a) Bx, (b) By, (c) Bz—correlations with extrapolated
amplitude variations >0.25 nT only.

10.1029/2018SW002098Space Weather

JACKSON ET AL. 645

http://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html
http://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html


GONG data. Figure 8 gives the correlation comparison with Dst. Here, while most of the comparisons show
correlations of the sign expected, and while the correlations with Dst can be as high as 0.8 for a given
Carrington rotation, there are notable exceptions and overall the correlations are not that good as those of
the values of extrapolated flux converted to GSM Bz compared with ACE. Even so the ensemble of 97
points provides a p value for these correlations that gives one chance in ~1012 that a null result is possible.
There is also a general trend shown; there are more negative correlations in the middle of the 11‐year
period studied than at either end. Since the maximum of sunspot cycle 24 is from the middle of the year
2011 until the beginning of 2015 this is a good indication that the correlations observed are best during
periods of low solar activity. The nearly continuous time period correlation from 2009 to 2018 of Bz with
Dst is 0.220 and as for Figure 6c, again confirms that even with added noise, the correlations over the
nearly 9‐year interval are positive and have approximately the same significance as the more restricted
data set of Figure 8. NOAA's planetary Kp index determinations compared with Bz give similar results for
the 11‐year period studied with corresponding negative correlations (−Bz provides a positive Kp).

Figure 7. Time series from the Current Sheet Source Surface modeling and IPS 3‐D reconstruction extrapolations of
Global Oscillation Network Group data converted to Geocentric Solar Magnetospheric coordinates at Earth (dashed
lines) compared with a 3‐day boxcar averaged Dst for the Carrington rotation 2055 period. IPS = interplanetary
scintillation.

Figure 8. Eleven‐year study of Pearson's R correlations for the Current Sheet Source Surface model Global Oscillation
Network Group Geocentric Solar Magnetospheric Bz field component analysis compared with the averaged Dst. Only
Carrington rotation correlations with extrapolated amplitude variations >0.25 nT are used. IPS = interplanetary
scintillation.
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5. The Bz Analysis as a Russell‐McPherron Effect

The Bx radial field component mapped in Figure 6a is essentially the same as that mapped in the Figure 6
open field analysis in Jackson et al. (2016). The correlation average over more than 11 years in this study
is 0.69 whereas in the earlier 10‐year study this average was 0.65. Clearly the 20° × 20° latitude and longitude
spatial and 1‐day time cadence resolution that is poorer for this analysis does not have much effect in the
outcome for mapping this field component. The greater than 11‐year correlation average value of the By field
of 0.60 (Figure 6b) is similar, but not exactly the same as the 0.56 average of the GONG field tangential
component value given in Figure 8 of the earlier article. The average correlation of 0.40 in Figure 6c for this
11‐year study of the Bz field for Carrington Rotations with field amplitude excursions greater than 0.25 nT is
truly unique.

To show that the effect observed is primarily due to the coupling of the RTN tangential field with Earth's
magnetic field, as noted by Russell and McPherron (1973), we plot for each Carrington rotation the ampli-
tude excursions of our Bz modeled values over this period folded into a 1‐year plot in Figure 9. This shows
that at the beginning of the year and in the middle of the year when there is no daily average crossed field
component as indicated in Figure 4, there is little observed Carrington Rotation Bz excursion amplitude from
this effect, and thus no component of the extrapolated field that can couple with the geomagnetic field.

Of course, other coronal and heliospheric changes and interactions are present in the background solar wind
that yield heliospheric north‐south Bz fields that can couple with the geomagnetic field directly; we do not
explore these except we here merely note that they exist, and also that they can provide an even greater range
of field excursions than the present effect. The highly variable transient fields associated with CMEs are well
known, and these can give a far larger excursion. The fact that there is not as good a correlation in this ana-
lysis during solar maximum is undoubtedly partly due to the many transient fields in the inner heliosphere
present including those from CMEs. However, CME field excursions seldom last for more than a day,
whereas a southward field seen here can persist for many days, and we suspect these have the potential to
enhance storm activity over a longer time interval with associated additional decreases in the Bz field.

6. Bz Forecast Analysis and Kp Examples of Applicability

In forecasting, IPS observations of all outgoing structures throughout the viewing volume to 3 AU are
obviously not available in real time before those that are Earthward‐directed arrive. Thus, there is not as
much IPS data available to provide a complete description for the UCSD 3‐D reconstructions in a forecast

Figure 9. Annual yearly amplitude excursion of the extrapolated Current Sheet Source Surfacemodel Bz field component.
DOY = day of year.

10.1029/2018SW002098Space Weather

JACKSON ET AL. 647



situation compared with the UCSD archival analysis. UCSD has maintained a forecast system since early in
this century and has continued to update these analyses as improvements of the original technique are
developed. Since mid‐2016 the UCSD near real‐time forecasts updated at a 6‐hr cadence have also been
archived online (at http://ips.ucsd.edu/high_resolution_predictions/). Since spring 2013, a near real‐time
forecast analysis has also been operated at the Korean Space Weather Center online (at http://www.
spaceweather.go.kr/models/ips/).

The correlations between the CSSS modeled extrapolated fields and Bz are a forward model from the IPS
tomographic source surface, directly viewed in real‐time below Earth, and vary with even lower resolution
than the IPS velocities and densities. Thus, there is little reason to suggest that the forward model archival
field predictions are much different from results when the system is used in a true forecast sense. We have
operated a Bz forecast at UCSD for over 2 years since the latter part of 2016 and have been gratified to find the
Bz forecast often indicates when enhanced geomagnetic activity will occur several days in advance. The
Korean Space Weather Center has also recently provided this same Bz modeling effort on the website
(http://spaceweather.rra.go.kr/models/ipsace) as another way to provide inputs for their space weather
forecasts. As an example of this ability we show one of the events from: Real‐Time_Archive on the UCSD
(http://ips.ucsd.edu/high_resolution_predictions/) website. At 21 UT 24 February 2017, a negative dip in
the Bz field component was forecast several days into the future (Figure 10a, see arrow), and indicated the
value of −Bz would tend toward a minimum on 28 February 2017. This forecast evolved over the next few
days showing an even more pronounced and well‐defined minimum beginning on 1 March 2017. The
NOAA value of Bz tracked the UCSD forecast well (Figure 10b), and in the middle of the final day following
many days of little geomagnetic activity, the Kp index rose to 5 for several 3‐hr intervals midday on 1 March
2017 (Figure 10c), and even higher the following day (not shown) indicating that a moderate geomagnetic
storm was in progress. Enhancements of this effort have continued at UCSD, and in addition to time series
plots, UCSD now provides volumetric data converted to GSM Bz plotted like density and velocity as ecliptic,
meridional, and Carrington plots at 1 AU (Figure 11). While not truly a valid concept except at Earth, the IPS
analysis is better served in this way since this enables a forecaster to determine the nearness of the−Bz value.
Often, especially near solar minimum, the projected location of positive and negative RTN Bt field that

Figure 10. Example of an impending −Bz change on the UCSD website, and the subsequent associated geomagnetic
activity. A dashed vertical line is given at the time the forecast is presented on the UCSD website. A projection provided
several days into the future shows forecast changes expected to occur in (a). The forecast Bz component changes have
tracked the Geocentric Solar Magnetospheric Bz 3‐day averaged values on the NOAA website well in (b), and on
1 March 2017 the NOAA planetary index increased as shown (c). ACE = Advanced Composition Explorer;
IPS = interplanetary scintillation.
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provides the Bz flux in these analyses can be almost a straight line centered on the heliographic equator. In
these instances, slight latitude differences in the 3‐D reconstructions can change the reversal location of the
east‐west field, and thus produce an uncertain forecast. The Figure 11 example indicates the presence of
Earth where there is no doubt that the Earth has entered a region where Bz is strongly negative.

To show the example in Figures 10 and 11 is not an isolated incident, we provide analyses from the whole 11‐
year data set by presenting a skill‐score determination from our predicted data set. In this analysis we
searched through our time series for a southward dip of GSM Bz of at least 1.0 nT following a period with
no negative Bz of more than the 0.25 nT variation over 7 days prior. Of the 102 Carrington rotations studied
with at least one Bz decrease, there were 138 events of this type. For these we asked whether or not there was
a minor or greater geomagnetic storm evidenced in the NOAA planetary Kp index within 1 day prior, or
2 days following the minimum of the change. These amplitudes and the threshold window were chosen
because we have maximized comparisons of extrapolated fields to a 3‐day boxcar average of the in situ mea-
sured magnetic field, and a quick pass through the our existing forecast archive to find the most likely set of
best thresholds to use. If a geomagnetic storm occurred within this window, we consider this a positive result
or a predicted Bz change with an associated storm and thus an observed “hit.” Following an equally weighted
2 × 2 contingency table as in Mozer and Briggs (2003), we found 77 three‐day intervals where we correctly
saw a storm (n11); 62 predicted Bz changes, with unobserved storms (n01); 116 intervals where no negative Bz
was predicted, but a storm was observed (n10); and 656 intervals where no Bz decrease was predicted, and no
storm was observed (n00). As in Mozer and Briggs we determine a hit rate H = (n11 + n00)/n) = 0.80, where 1
is a perfect score and 0 is the worst possible. The threat score TS = n11/(n11 + n01 + n10) = 0.30 where again 1
is perfect and 0 the worst possible. The Probably of Detection POD = n11/(n11 + n01) = 0.55, where a perfect
score is 1. The false‐alarm rate FAR = n01/(n01 + n11) = 0.40, where the best possible score is 0 and the worst
is 1. A global measure of the system is given by the bias, B = (n11 + n01)/(n11 + n10) = 0.72, which implies
that we are consistently not predicting all of the events present.

Although we used the archival data set to provide the 11‐year skill‐score analysis, we have retained a real‐
time archive of our forecasts from late October 2016 through to the present. The 11‐year study in this article
ended in May 2018. During this period we found 27 incidents of isolated geomagnetic storms and 16 loca-
tions where events were forecast at least 2 days in advance using the criterion established for our archival
study. Although not all 16 forecasts resulted in a minor to moderate geomagnetic storm (three did not),
we found only two forecast exceptions to the archived study. In one event on 8 November 2017 a forecast
outage on our website prevented an event forecast several days in advance that was correctly predicted in
the archive. For another storm on 20 April 2018 our forecast archive provided at least a 2‐day forecast of this
event even though the archival data set did not. Although this check covers only a portion of the of the time
period as a true forecast, it is good to know for this study that the archived and forecast Bz values agree as
well as they do.

A hit rate of 0.80, or the knowledge of whether or not there will be a minor or greater storm within our
allotted window of 1 day prior or 2 days following a predicted Bz decrease is an excellent score. If we were

Figure 11. Geocentric Solar Magnetospheric Bz field plotted as a volumetric prediction at the same time (1 March 2017 15 UT) as in Figure 10b. Values have been
normalized to those present at 1 AU by removing a r−1 falloff with solar distance. (a) as an ecliptic cut, (b) as a meridional cut that passes through Earth, and
(c) as a Carrington map at the distance of the Earth (shown as “⊕” near the center of the plot). GONG = Global Oscillation Network Group; ISEE = Institute for
Space‐Earth Environmental Research.
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to decrease the window over which we expected a storm to occur, the hit rate would be lower, the false alarm
rate (now 0.40) would go higher, and the probability of detection (now 0.55) would also be lower. The prob-
ability of detection is related to the requirement that at least a minor storm must occur to provide a hit. The
probability of detection is not as good as it will be in an operational setting since this score is dominated by
the number of storms we did not predict that were associated with CMEs. In looking at the individual
numbers by Carrington rotation, the values of n10 are dominated by higher values of this in the time in
2015 during the declining phase of the last sunspot cycle where there are sometimes as many as four minor
storms or greater observed that we did not predict. We often find in a failed prediction that a decreased Bz

provides an enhancement of geomagnetic activity but no minor storm. This is of course better captured by
the Pearson's R correlations for a given Carrington rotation where no transient fields such as those from
CMEs are present. The arrival of CMEs, as they are now, will presumably also be forecast at space weather
centers using the techniques they currently have at hand, and with this knowledge, the success rate at the
center for this type of forecast should be considerably greater.

7. Conclusions

We give specific examples of the UCSD archival and near real‐time extrapolations using our IPS analysis and
show a way that predicts daily changes in GSM Bz component values at Earth. UCSD uses its IPS 3‐D recon-
struction model to extrapolate CSSS radial magnetic fields (Zhao & Hoeksema, 1995) to provide the timing
and interactions present at 1 AU (see Jackson et al., 2016). Even though the resolution of the UCSD IPS 3‐D
reconstruction is low and limited primarily by the numbers of radio sources that can be observed in the sky
by ISEE, these background analyses providemodeled values that are sufficiently accurate for a useful predic-
tion. We show that there is a high correlation between the daily GSM component values Bx, By, and Bz pre-
dicted by UCSD, and those provided by NOAA in our study that spans over the 11 years of extant GONG
data. Although the general component correlation has been described before (Russell & McPherron,
1973), it is usually related to seasonal variations in geomagnetic activity, and not as much to changes in daily
geomagnetic indices as shown in Figures 7, 8, and 10. UCSD has provided a near real‐time forecast of the
GSM component value using this technique since late 2016, and updates these every 6 hr on its website.
Improvements to this technique have continued during this interval (Figure 11) to give an indication of
the degree to which Bz will become negative. The negative GSM Bz field predictions we make daily should
be used along with other information at a space weather center to provide a several‐day advance forecasts of
impending geomagnetic storms. In particular, CMEs are not thought present to a significant extent in our
low‐resolution magnetic field predictions, and a space weather center often has a far better capability of
knowing when these will occur. Knowing that a CME is on its way can indicate that a large geomagnetic
storm might occur within a short time range even though our current low‐resolution field predictions give
no indication of this.

A hit rate of 80%, or knowing within 1 day prior or 2 days following the predicted Bz decrease that a minor or
greater geomagnetic storm will occur, is an excellent score. We do not expect the hit rate to vary much in a
true forecast situation since the field values are forward‐models from near the solar surface and known and
updated well in advance of their arrival at Earth. We have tested this from archives of real‐time analyses over
the last few years we have available, and found little difference between the forecast and archived data set.
As we have shown, our prediction is somewhat better during solar minimum when there are fewer large
transient events such as CMEs in the record. Studies show (e.g., Choi et al., 2017; Tsurutani et al., 2006),
while CMEs may generally be responsible for the largest geomagnetic storms, that most geomagnetic storms
and substorms have no discernable associated CME. The rather large window of 1 day prior and 2 days
following the Bz magnetic field decrease in the skill‐score presentation is mostly dominated by the
low‐resolution of our CSSS model extrapolation technique. We find that with continual 6‐hr updates, the
prediction time of the exact Bz decrease often becomes better known, and this refinement is not captured
in the current prediction window for skill‐scores we use at the end of section 6. The threshold values and
window used in the skill‐score analyses go in hand with the various averaging values used in our analyses,
and indeed the quality and quantity of the data. These are expected to change in the future as other IPS data
sets and different magnetic field extrapolation techniques become available, and when they do we expect to
revisit this in a more thorough way.

10.1029/2018SW002098Space Weather

JACKSON ET AL. 650



It is well known that among other solar wind features, solar wind density and velocity are also factors asso-
ciated with geomagnetic storm activity (Newell et al., 2007). Undoubtedly these other factors play an impor-
tant role, and this is one of the major reasons the UCSD forecast page also predicts velocity; its increase can
enhance the response at Earth of the effect of a GSM Bz decrease and thus increase geomagnetic storm
strength. A high velocity forecast just prior to the Bz decrease can also be observed to shorten the arrival time
of the decrease in the last day or two of the forecast. Future efforts in this work to provide better arrival times
and nonradial transport of the fields causing these effects are currently one of the main efforts pursued by
the UCSD IPS analysis effort (Jackson et al., 2015, 2016). We leave for the future effort a forecast of geomag-
netic minor and moderate storm activity using the UCSD predicted parameter values in addition to the Bz
decrease to better quantify the effect of geomagnetic storm activity.

It was surprising to us that such a relatively small variation from a positive to negative GSM Bz component
field could provide as pronounced a result as we have found. We presume that part of the reason for this is
simply that the low‐resolution decreases we predict do not indicate the full negative shorter‐lasting varia-
tions of field responsible for the triggering of minor and moderate geomagnetic storm activity. Proof of this
idea, and whether this is the major reason for the effect we have found, is however beyond the scope of the
current study.
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