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Abstract The Whole Heliosphere Interval (WHI) was an international observing and mod-
eling effort to characterize the 3-D interconnected “heliophysical” system during this solar
minimum, centered on Carrington Rotation 2068, March 20 – April 16, 2008. During the
latter half of the WHI period, the Sun presented a sunspot-free, deep solar minimum type
face. But during the first half of CR 2068 three solar active regions flanked by two opposite-
polarity, low-latitude coronal holes were present. These departures from the quiet Sun led
to both eruptive activity and solar wind structure. Most of the eruptive activity, i.e., flares,
filament eruptions and coronal mass ejections (CMEs), occurred during this first, active half
of the interval. We determined the source locations of the CMEs and the type of associated
region, such as active region, or quiet sun or active region prominence. To analyze the evo-
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lution of the events in the context of the global solar magnetic field and its evolution during
the three rotations centered on CR 2068, we plotted the CME source locations onto synoptic
maps of the photospheric magnetic field, of the magnetic and chromospheric structure, of the
white light corona, and of helioseismological subsurface flows. Most of the CME sources
were associated with the three dominant active regions on CR 2068, particularly AR 10989.
Most of the other sources on all three CRs appear to have been associated with either iso-
lated filaments or filaments in the north polar crown filament channel. Although calculations
of the flux balance and helicity of the surface magnetic features did not clearly identify a
dominance of one region over the others, helioseismological subsurface flows beneath these
active regions did reveal a pronounced difference among them. These preliminary results
suggest that the “twistedness” (i.e., vorticity and helicity) of subsurface flows and its tem-
poral variation might be related to the CME productivity of active regions, similar to the
relationship between flares and subsurface flows.

Keywords Coronal mass ejections, origins · Solar synoptic maps · Helioseismology,
subsurface flows

1. Introduction

Solar minimum is the time of lowest solar activity and simplest heliospheric structure. The
extensive observations, in conjunction with theoretical and numerical modeling advances,
which have been made over the last few cycles, now enable an interdisciplinary, system-
wide view of the origins and impacts of solar cycle variations. This general approach seeks
to characterize the system not only at its most basic “ground state”, but also to understand
the degree and nature of variations within and between solar minima. Solar activity in re-
cent decades has been relatively high compared to the past millennium. Thus, we can ask
such questions as: What was the heliospheric state during periods of the lowest sunspot ac-
tivity, e.g., the Maunder minimum of the 17th century? Is there a minimum “ground state”
for solar/heliospheric behavior? What are the variations between solar minima and how do
such variations arise? How might complexities in the solar magnetic configuration have in-
fluenced the Earth’s response during such intervals?

The Whole Heliosphere Interval (WHI) was an international observing and modeling
effort to characterize the 3-D interconnected “heliophysical” system during this solar mini-
mum (Gibson, Webb, and Thompson, 2010). WHI was intended to take place one full solar
cycle after the first Whole Sun Month (WSM) campaigns that took place during the last
minimum in 1996. The science goals for WHI were: i) to connect the origins and effects of
solar structure and activity through the solar wind to the Earth and other planetary systems,
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and ii) to characterize the 3-D solar minimum heliosphere. The current solar minimum has
been longer and quieter than any other observed during the Space Age. The expectation was
that WHI would provide observations characteristic of this deep solar minimum, but also
that the Sun would have sufficient structure and activity to make connections from Sun to
Earth clear and compelling. This proved to be the case.

WHI benefited from the dramatic improvements in observations, including new 3-D mea-
surements, higher temporal/spatial/spectral resolutions and expanded synoptic observations
from deep in the solar interior extending through the heliosphere to Earth. The WHI studies
were centered on Carrington Rotation (CR) 2068, March 20 – April 16, 2008. During the lat-
ter half of the WHI rotation, the Sun was sunspot free, looking much like a solar minimum.
But during the first part of CR 2068 three active regions flanked by two opposite-polarity,
low-latitude coronal holes were apparent, and led to both eruptive activity and solar wind
structure that inspired many studies. In this paper we describe the results of the study of the
evolution of the solar activity, primarily in the form of active regions (ARs) and associated
coronal mass ejections (CMEs), during this period. The ARs and CMEs are placed in the
context of the global solar magnetic field and its evolution during the three rotations cen-
tered on CR 2068. As we will see, this period was crucial because it hosted the last burst of
significant activity before the occurrence of the actual minimum later in 2008.

1.1. Large-Scale Context of the WHI Period

Figure 1 helps us to place the WHI period in the context of Solar Cycle 23 and previous cy-
cles and solar minima. On the left is a latitude vs. time butterfly diagram of the photospheric
magnetic field flux over the last three solar cycles with the opposite polarities colored. The
dates of the WSM and WHI campaigns are denoted by the vertical lines. Note that WSM
was at the “typical” minimum between Cycles 22 and 23 but WHI occurred late in the un-
usual, extended declining phase of Cycle 23 (Gibson, Webb, and Thompson, 2010). This is
more apparent in the stackplot of photospheric field synoptic maps (right) extending over
nearly two years and including the minimum period of Cycles 23 – 24. The WHI CR fea-
tured the strongest evolution of the area of flux emergence and AR growth that developed
between Carrington longitudes 220 – 300◦ starting in late 2007 and fading after July 2008.
The centroid of this activity tended to drift to higher Carrington longitudes with time, thus
exhibiting a faster-than-Carrington rotation rate, typical of low-latitude features. The track
of this activity zone can be followed back on magnetic synoptic maps to before 2006 (see,
e.g., Benevolenskaya, 2010). The actual activity minimum occurred between August 2008
and April 2009, beginning several months after WHI. Hathaway (2010) defines the mini-
mum month to have been November 2008. However, this minimum was unusually long and
deep with an extended period of no sunspots; De Toma et al. (2010) and other papers in the
Proceedings of the SOHO 23 Workshop discuss this minimum in detail.

WHI studies were based on the reduction of large-scale, global sets of data obtained dur-
ing CR 2068 to a common set of synoptic maps (Gibson, Webb, and Thompson, 2010). This
format allows direct comparison among the solar, heliospheric and geospace data during
WHI. For our study of the evolution of transient activity during this period we expanded the
synoptic map coverage, in the same WHI format, to include the CR before (2067) and the
CR after (2069) WHI. Thus, our data set covered the period from February 22 to May 13,
2008 covering about three months in early 2008. These data highlight the large-scale evolu-
tionary changes that occurred between successive solar rotations. Figures 1 – 3 provide the
basic context of the WHI and surrounding rotations. Figure 2 shows a synoptic map series of
the photospheric magnetic field and active regions from the SOLIS/VSM instrument at Kitt



D.F. Webb et al.

Figure 1 (Left) Sin(latitude) vs. time butterfly diagram of the photospheric magnetic field flux over the
last three solar cycles. Positive (negative) flux is shown in yellow (purple). Courtesy of D. Hathaway,
NASA/MSFC. The dates of the Whole Sun Month (WSM), 1996, and Whole Heliosphere Interval (WHI),
2008, campaigns are denoted by the vertical lines. Note that WSM was at the true minimum between Cy-
cles 22 and 23 but WHI occurred late in the extended declining phase of Cycle 23. This is more apparent in the
compressed stackplot of photospheric field synoptic maps (right) extending over nearly two years through the
“true” minimum of Cycles 23 – 24. Time runs from bottom to top; the activity minimum did not commence
until several months after WHI, in July – August 2008. Courtesy of G. de Toma, NCAR/HAO.

Peak National Observatory (KPNO) for CRs 2067 – 2029. The associated NOAA/SWPC ac-
tive region numbers are shown superposed on the figure. Note that NOAA assigns numbers
only to regions that develop spots during their (visible) rotation. Therefore, the new region
which was the source of the CME on April 26 on CR 2069 never developed spots and, thus,
was unnumbered.

In Figure 3 we present synoptic maps of CRs 2067 – 2069 of the low corona acquired by
the STEREO SECCHI EUVI-B telescope at 195 Å. Together with Figure 2 it becomes clear
that the two evolving opposite-polarity coronal holes flanked the region of evolving activity.
The three WHI ARs developed rapidly between CR 2067 and 2068, then faded slowly over
the next few rotations. Figure 3 (bottom) is an enlarged EUVI-B 171 Å image of the three
ARs showing their coronal interconnections on CR 2068 (on March 29, 2008).

1.2. Modeled Coronal Magnetic Field and Observed Coronal Brightness

Fully calibrated one-minute, full-disk photospheric magnetograms from the six ground-
based sites of the National Solar Observatory’s (NSO) Global Oscillation Network Group
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Figure 2 KPNO SOLIS/VSM
photospheric magnetogram
synoptic maps in
sin(latitude)-Carrington
longitude coordinates with
NOAA Active Region numbers
superposed. These show the three
CRs, 2067 – 2069 (top to bottom:
February 22 to May 13), centered
on the WHI CR.

(GONG) are used to derive a map of the magnetic field over the entire surface of the Sun.
This full-surface map is called a standard synoptic map because it provides a global view of
the field. For each standard synoptic map, a potential-field source-surface (PFSS) model of
the coronal field, which assumes there are no significant electric currents in the corona, is
calculated. A spherical harmonic solution is used which includes a source surface high in the
corona where the field lines are forced to be radial (Altschuler and Newkirk, 1969; Schatten,
Wilcox, and Ness, 1969). This models the effect on the field of the outflowing solar wind.
As is typical in such models, the source surface is fixed at 2.5 RS. GONG observations and
models are available at http://gong.nso.edu/science/.

Synoptic maps for CR 2067 – 2069 showing coronal holes and the streamer belt/helio-
spheric current sheet (HCS) are shown in Figure 4. On the left are maps derived with the
above PFSS model using GONG magnetogram data and showing coronal holes and the
streamer belt for the three CRs (see Petrie, Canou, and Amari (2010) for details). Here
only the highest closed field lines are shown. All field lines reaching r = 2.5 RS are open
by assumption, so the highest closed field lines have a vanishing radial component just
below that. Such field lines separate regions of open and closed flux and are therefore a
useful simple representation of the global magnetic field topology. The plotted field lines
mark boundaries between open and closed field. Regions of open flux contain coronal holes,
whose footprints in the photosphere are marked here by green for positive coronal holes
and red for negative. The black neutral line, which meanders in a quasi-sinusoidal pattern
between about ±45◦, is identified with the coronal streamer belt that forms the base of the
HCS. Note the slight flattening by CR 2069, as the active regions decayed.

Figure 4, right, shows LASCO C2 synoptic maps showing the evolution of the coronal
brightness and CMEs for the three CRs. Petrie, Canou, and Amari (2010) show similar east
limb synoptic maps for all three rotations obtained from the SECCHI COR1 instruments.

http://gong.nso.edu/science/
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Figure 3 (Top three panels)
STEREO SECCHI EUVI-B
195 Å synoptic maps for CRs
2067 – 2069 showing the
evolution of the lower corona.
Note the evolving coronal holes
flanking a region of small,
evolving active regions.
(Bottom) A magnified SECCHI
EUVI-B 171 Å image of the
three ARs and their coronal
interconnections on CR 2068,
March 29 at 04:09 UT.

For each rotation longitudinal slices at a height of 5 RS have been stitched together to form
complete CR synoptic maps as viewed separately over the east and west limbs (only the west
limb maps are shown here). The coronal streamer belt is evident on these maps. Narrow ver-
tical streaks on the maps indicate CMEs. These were first called “bugles” by Hundhausen
(1993), since streamer-blowout CMEs appear on synoptic maps as vertical streaks usually
preceded by brightening and widening streamers. Such bugle shapes are left-facing on syn-
optic maps because time runs from right to left. We note, however, that we did not use these
“bugle” CMEs for identification of the CMEs in our study.

We can summarize the global magnetic field observations and potential field modeling
during this period as follows. The Sun was very quiet, with a relatively brief burst of ac-
tivity occurring mostly during the WHI CR 2068. The first active regions with Solar Cycle
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Figure 4 Synoptic maps for CR 2067 – 2069 showing coronal holes and the streamer belt/HCS. (Left) Maps
derived with a PFSS model using GONG magnetogram data. Here only the highest closed field lines below
the source surface of 2.5 RS are shown. The plotted field lines mark boundaries between open and closed
field. Regions of open flux contain coronal holes, whose footprints in the photosphere are marked here by
green for positive and red for negative coronal holes and the neutral line is black. Note the slight flattening
during these rotations. (Right) LASCO C2 coronagraph white light synoptic maps showing the evolution of
the coronal brightness for the three CRs over the west limb at 5 RS. The coronal streamer belt is evident on
the maps and the vertical streaks (“bugles”) indicate CMEs.

24 bipolar structure according to Hale’s law appeared in early 2007, but Cycle-24 bipo-
lar regions remained small and had negligible influence on the global field until 2009. The
streamer belt was locally warped in the region between the low-latitude, opposite-polarity
coronal holes and open field. This was a region of rapid evolution highlighted on CR 2068
by the three active regions. These regions all lie near the equator but were in the southern
hemisphere and of old-cycle 23 polarity. The global two-sector structure was characteris-
tic of solar cycle minimum. The streamer belt profile was asymmetric, similar to what is
expected of a tilted dipole.

In Section 2 we discuss the CME activity during the three rotations, before, during and
after WHI in four parts: a summary of the overall WHI CME studies, discussion of the
major WHI CMEs, results for all the CMEs identified and the subset for which we identified
source regions, and results from mapping these source locations onto synoptic maps of the
photospheric magnetic field, magnetic boundary and chromospheric structure (“Hα”) maps,
and white light coronal maps. In Section 3 we describe the surface magnetic and subsurface
structures of the WHI active regions. The flux balance and helicity were calculated for the
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three regions, and demonstrate that the most active of them did not have the highest Poynting
flux or helicity. However, after mapping the CME sources onto synoptic maps showing
helioseismological subsurface flow results, we show that the most active region had strong
vortical flows of opposite sign. Vortical and other large-scale, subsurface flows were found
to be associated with these active regions and to precede several of the large CMEs. Finally,
in Section 4 we summarize and discuss the implications of the results.

2. Transient Activity During the WHI Rotations

2.1. Summary of WHI CME Science Studies

The overarching goal of the WHI campaign was to trace the effects of solar structure and
activity through the solar wind to Earth, other planets and spacecraft. To address the transient
activity aspects of WHI, a working group on CMEs and other transients was formed. Most
of the observations were made by instruments on the SOHO, Hinode, STEREO and Coriolis
(SMEI) spacecraft. We cataloged all the transient activity during the three rotations centered
on WHI, CRs 2067 – 2069, with the goal of studying the evolution of this activity in the
context of the global solar magnetic field and the streamer belt and heliospheric current
sheet. We identified over 100 CMEs during the three rotations, 2/3 of which occurred during
CR 2068 (see Section 2.3 for details).

Overall the WHI CME working group emphasized the origins of the CMEs, including
their associations with active regions, filaments/prominences and other coronal structures
(see the recent CME review papers and books by Gopalswamy et al., 2010; Kahler, 2006;
Kunow et al., 2006; Webb and Gopalswamy, 2006). Our studies made use of the imaging and
multi-spectral data that were available and covered large distances from Sun into the helio-
sphere. The studies sought connections with the global magnetic field structure, as organized
by the heliospheric current sheet, corotating interaction regions (CIRs), streamers and the
slow solar wind, and subsurface flows. We also made comparisons between the Cycles 22 –
23 minimum, WHI just before the Cycles 23 – 24 minimum, and the actual Cycles 23 – 24
minimum.

There were three significant CMEs that occurred during this period, and these are sum-
marized in Section 2.2. Despite all the solar activity during CR 2068, there were no major
ejecta or magnetic clouds observed in-situ near Earth or at STEREO-A or -B during that
rotation. Indeed, the only such ejecta during all three CRs occurred on April 29 – 30 follow-
ing the April 26 event during CR 2069 (Section 2.2). This event was associated with a low
level of geoactivity, the only geoactivity during the three rotations that was likely driven by
a CME. The other main geo-effects were driven by the recurrent high speed wind streams
and CIRs that dominated the solar wind during this phase (see, e.g., Gibson et al., 2009,
Gibson, Webb, and Thompson, 2010).

2.2. Major Transient Activity

GOES X-ray events for the three CRs are shown in compressed format in Figure 5. This
clearly demonstrates that most of the flaring activity during this period occurred during the
WHI CR and especially during the early to middle part of the WHI period, mainly from
March 24 – April 6. As was typical during this extended solar decline and minimum, flaring
activity was low to moderate. Even during the active period of WHI, only three flares had
peak fluxes above the X-ray C-level (10−6 watts/m2): the March 25 M1.7 event and two
C1.2 flares on April 3. On CR 2067 there was only one B-level (10−7 watts/m2) flare, and
on CR 2069 only the April 26 event (B3.8) and three other events reached B-level.
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Figure 5 GOES X-ray events for CRs 2027 (February 22 – March 20, 2008), 2068 (March 21 – April 16,
2008) and 2069 (April 17 – May 13, 2008). This clearly shows that flaring activity was dominant during the
first part of WHI, March 24 – April 5, when the three active regions were on the disk.

The three largest or most studied CMEs that occurred during this period were initiated
on March 25, April 9 and April 26, 2008. The March 25 event (Figure 6) was a classic three-
part (east) limb CME. The M1.7 X-ray flare was by far the most energetic flare during these
three rotations (Figure 5). The event was associated with a radio type II burst, indicative of
a coronal shock, and a coronal wave and dimming, and is described by Gopalswamy et al.
(2009) and Nitta (2011). The source region was AR 10989 when it had just appeared at the
east limb.

The April 9 event (Figure 7) was a slower, west limb “cartwheel” CME associated with an
erupting prominence and was well observed by imagers and spectrometers on the STEREO,
SOHO and Hinode spacecraft (see, e.g., Landi et al., 2010). The event was of particular in-
terest because an extended post-CME current sheet and arcade was observed by the Hinode
XRT imager (Savage et al., 2010). Detection of the current sheet was possible because the
main flare (in AR 10989) was occulted as viewed from Hinode in Earth orbit. The SECCHI
instruments on STEREO-A, however, could directly view the AR (Figure 7).

There was a series of smaller related events involving the three ARs that preceded (on
the disk) and followed (over the west limb) the April 9 event during the period April 4 – 11.
As we will see the three active regions had many interconnections involving both coronal
loops and filaments. Many of the eruptive events involved CMEs that were associated with
erupting filaments on the disk and erupting prominences when the ARs transited the west
limb.

The 26 April 2008 event arose from the cluster of active regions that evolved over the so-
lar rotations centered on the WHI CR 2068 (Figure 8, left). It was associated with a B3.8/sF
flare with onset at 13:56 UT near Sun center (Earthview) at N08◦E09◦ (Figure 8, right). The
CME was moderately fast, drove a shock and was associated at the surface with a coronal
arcade, coronal dimming, an EUV wave and a type II(m) burst. One important aspect of this
event was that it was the only CME during these three rotations that had a significant effect
at either the STEREO spacecraft or at Earth. Since STEREO-A was 50◦ from STEREO-B, it
could view the CME off the east limb (Figure 9). The CME originated from near disk center
for the STEREO-B spacecraft (and from Earth) and caused a small SEP event on April 26,
with a shock and likely ICME detected in-situ at STEREO-B on April 29 – 30. An ICME
was also detected at the Lagrange 1 (L1) point but nothing was observed at STEREO-A.
The ICME signatures were an enhanced magnetic field and density following the shock
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Figure 6 STEREO SECCHI
images of the March 25, 2008
WHI CME, a classic three-part
CME with an M1.7 flare,
a coronal wave, coronal dimming
and a type II burst. The source
region was AR 10989 when it
was approaching the east limb.
STEREO-B (-A) images are on
the left (right) and from top to
bottom are from the EUVI,
COR1, COR2, and HI1
telescopes.

and counterstreaming electrons. Fe charge state and other data suggest there was a CIR-
type interface. The in-situ observations were confirmed by the Solar Mass Ejection Imager
(SMEI) and SECCHI Heliospheric Imagers (HI) 3-D reconstructions of density indicating
the ICME interacted with a preexisting CIR; both the SMEI and HI data permitted tracking
of the dense material from the Sun past 1 AU (Wood and Howard, 2009; Webb et al., 2009;
Jackson et al., 2010).
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Figure 7 The April 9, 2008 WHI west limb “cartwheel” CME with an erupting prominence well observed
by imagers and spectrometers on the STEREO, SOHO and Hinode spacecraft. Time series of STEREO-A
EUVI 171/195/284/304 Å images of the CME (Miralles, 2008). The EUVI images at 9:06, 9:26, 9:46, 10:06,
10:26, 10:46 UT were cleaned and enhanced using a wavelet-based technique adapted to STEREO EUVI
images from Stenborg, Vourlidas, and Howard (2008). A post-CME current sheet and arcade was observed
by Hinode XRT. The erupting prominence (bottom 304 Å image) was south of AR 10989.

2.3. CMEs and Their Source Locations

WHI surveys of CMEs and other transient phenomena, limited initially to just CR 2068, are
described by Sterling (2010), Webb, Gibson, and Thompson (2010) and Cremades, Man-
drini, and Dasso (2011). These surveys were done independently and included imaging ob-
servations from the SOHO, STEREO and Trace EUV telescopes and the SOHO LASCO and
STEREO SECCHI COR coronagraphs, supplemented by the NDGC lists of ground-based
Hα, radio and GOES whole-Sun X-ray events. Sterling used EUV movies to search for indi-
cations of eruptions in the lower solar atmosphere, usually in the form of intensity dimmings,
filament eruptions, or transient brightenings coupled with rapid changes in the local coro-
nal structure. He identified events as “eruptive looking”, finding that many emanated from
or near the main ARs. Cremades et al. focused on white light transients, beginning with the
events in the LASCO CDAW CME Catalog (http://cdaw.gsfc.nasa.gov/CME_list/index.html).
For comparison with the WSM period, they took into account faint and/or very narrow events
that were recorded in the LASCO catalog during WHI, but which were not necessarily cat-
aloged during WSM.

Webb, Gibson, and Thompson (2010) attempted to combine all these lists for CR 2068
into one comprehensive catalog that emphasized the identification of a CME in the white
light coronagraph images. For this paper we extended the CME identifications to the CRs

http://cdaw.gsfc.nasa.gov/CME_list/index.html
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Figure 8 (a) The unnumbered source region of the April 26, 2008 event developed on CR 2069, the
next rotation after and north of the old AR 10989 that was active during CR 2068. GONG data in
sin(latitude)-Carrington longitude coordinates, courtesy G. Petrie. (b) Two-ribbon, long-duration (4 hours)
sF flare in the spotless, unnumbered region. Kanzelhohe Hα images courtesy of M. Temmer, IP, University
of Graz, Austria.

before and after WHI. The goal was to be able to study the evolution of the events in the
context of the global solar magnetic field and its evolution over several months. Although
we attempted to ensure that the CME identifications were uniform for all three rotations,
there were differences in the methods used for CR 2067 and 2069. Only one of us, DFW,
made those identifications and they were keyed to the CMEs listed in the LASCO CDAW
catalog. Only LASCO CMEs with spans >20◦ were included. The CMEs and their source
regions were then checked using the SOHO EIT and STEREO SECCHI movies. Although
some of the CMEs listed for CR 2068 had spans <20◦ and/or included events determined
only from EUV images (see below), we believe that the three-rotation survey was done in a
sufficiently uniform manner. Table 1 summarizes all the observational imagery and data lists
that we used in our full CME survey. The complete CME catalog is available in the online
version of this paper.

Table 2 summarizes the statistics of the CMEs we identified per rotation. We identified
102 CMEs during the three rotations, as mostly observed by SOHO (LASCO and EIT)
and STEREO (SECCHI CORs and EUVI) instruments. The STEREO observations were
important because they allowed us to observe the CMEs and their surface features at any
given time over ∼230◦ of longitude. About 2/3 (65) of the CMEs occurred during CR
2068, and most of these transients occurred during the active early to middle part (March
21 – April 11) of the interval (see Figure 5). For about half (52) of the CMEs we could
determine a “source” location, based on co-temporal observations of eruptive phenomena
deemed associated with the white light CME. These included flares/brightenings, dimmings,
or filaments or prominences observed at or near the surface primarily with SOHO EIT or
STEREO EUVI movies. By “source location” we mean that a near-surface feature could
be associated with the CME and the heliographic location of that feature determined. It
is important to note that this does not imply that this was the sole feature associated with
the CME or that it was necessarily centered under the CME. Many studies have shown
that the locations of the surface features associated with CMEs are often offset from the
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Figure 9 The event on April 26, 2008 was fairly energetic and near Sun center for STEREO-B (c) and
Earth. It had a coronal arcade, dimming, wave (c) and a type II(m) burst. Since STEREO-A was 50◦ from
STEREO-B (a), it viewed the CME off the east limb (d – COR1 and EUVI on April 26 and b – HI-1 on
April 27). It appeared as a faint halo CME from STEREO-B and LASCO.

CME axis (see, e.g., Harrison, 1986; Webb, 1992; Hundhausen, 1993; Cremades, Bothmer,
and Tripathi, 2006; Moore and Sterling, 2007). We also note that identifying CME source
locations among three CR 2068 ARs that were morphologically similar, close to each other
and interconnected was not always straightforward.

The other 50 events for which we could not identify the source regions likely occurred
beyond the limb and were on the backside of the Sun for these observations, or otherwise
had no detectable or likely associated surface feature. The 52 identified source regions are
listed in Table 3. The first three columns give the date, day of year (DOY) and the earliest
onset time of the CME. The fourth column gives the type of source region, primarily either
an active region denoted by its NOAA number or a quiet Sun prominence, followed by
its latitude and Carrington longitude in columns 5 – 6. The solar limb at which the source
activity occurred is given in column 7. This information was necessary for mapping the
sources onto the coronagraph synoptic maps.

Finally, the last two columns indicate whether we considered the source region to be at
or over the limb (OL) or detected as eruptive only in EUV images (EO). In the former case
the surface feature deemed associated with a CME was viewed at or just over the limb, but
close enough to the limb that its longitude could be reliably estimated. In the latter case
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Table 1 Observational imagery and data lists used in CME survey.

Imagery

SOHO EIT 195 Å filter movies

STEREO SECCHI EUVI 171 Å, 195 Å, 284 Å, and 304 Å filter movies

SOHO LASCO C2 and C3 white light coronagraph movies

STEREO SECCHI COR1 and 2 white light coronagraph movies

Data lists

NDGC Solar-Geophysical Data online (http://www.ngdc.noaa.gov/stp/solar/sgd.html) – sunspot groups,
Hα solar flares, X-ray solar flares

Nitta’s Lockheed-Martin Solar & Astrophysics Laboratory (LMSAL) list of STEREO SECCHI EUVI
eruptive flare events (http://www.lmsal.com/nitta/movies/flares_euvi/)

Freeland’s LMSAL SolarSoft Latest Events archive (http://www.lmsal.com/solarsoft/latest_events_archive.
html)

SOHO LASCO CDAW CME list (http://cdaw.gsfc.nasa.gov/CME_list/index.html)

STEREO SECCHI COR1 CME catalog (http://cor1.gsfc.nasa.gov/catalog/)

STEREO SECCHI COR2 CACTus CME catalog (http://secchi.nrl.navy.mil/cactus/)

Xie et al. (2009) tables of CMEs

STEREO SECCHI HI event lists (http://www.sstd.rl.ac.uk/stereo/Events%20Page.html)

Coriolis SMEI CME catalog (http://smei.nso.edu/lists/SMEI_CME_Summary_List_ver_2010.pdf)

Secondary data used

Hinode XRT images

EUV Waves and Eruptive Dimmings Catalog (http://sidc.oma.be/nemo/whi/)

STEREO SECCHI Heliospheric Imager images and “J-maps”

Coriolis SMEI heliospheric images

Table 2 Number of CMEs per
Carrington rotation. Totals CMEs Location Over limb; Location

known EUV only unknown

CR 2067 19 7 0 12

CR 2068 65 38 15 27

CR 2069 18 7 1 11

Totals 102 52 16 50

the eruptive feature was identified only in EUV images in the form of intensity dimmings,
filament eruptions or transient brightenings. Many of these were viewed well onto the disk
where any associated white light CME might not be detectable. It is possible that some of
the EO events were confined events, producing flare-like activity but not expelling a CME
(see, e.g., Moore et al., 2001). Since we considered both of these source categories to be
less certain, their locations are marked with a lighter color on the synoptic maps. The OL
sources were uncertain in terms of their CME associations and/or their locations, and the EO
sources because of their lack of white light CME association. Table 2 shows that 73% (38
of 52) of the identified source regions occurred on CR 2068. 31% (16 of 52) were uncertain
(OL, EO), with nearly all of them on CR 2068. Those with unknown locations were more
evenly split among the three rotations.

The CME source locations were then over-plotted onto photospheric magnetic field and
chromospheric structure synoptic maps and white light coronal maps as described in the

http://www.ngdc.noaa.gov/stp/solar/sgd.html
http://www.lmsal.com/nitta/movies/flares_euvi/
http://www.lmsal.com/solarsoft/latest_events_archive.html
http://www.lmsal.com/solarsoft/latest_events_archive.html
http://cdaw.gsfc.nasa.gov/CME_list/index.html
http://cor1.gsfc.nasa.gov/catalog/
http://secchi.nrl.navy.mil/cactus/
http://www.sstd.rl.ac.uk/stereo/Events%20Page.html
http://smei.nso.edu/lists/SMEI_CME_Summary_List_ver_2010.pdf
http://sidc.oma.be/nemo/whi/
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Table 3 Table of CME locations for CR 2067, 2068 and 2069.

Date, DOY Time AR Lat. C Long. Limb OL = EO =
Over EUV

limb obs.

only

CR 2067 – Feb. 22 to March 20

26-Feb, 57 15:24 986? 00 307 W

27-Feb, 58 10:22 QSP N10 396 W

28-Feb, 59 19:48 986? 00 360 W

29-Feb, 60 1:26 986?-N N10 374 W

13:26 986?-N N10 360 W

4-Mar, 64 12:54 QSP S20 234 W

14-Mar, 74 17:30; L 18:06 ? S20 204 W

CR 2067 Totals: 7 CMEs with locations; none are OL and/or EO

CR 2068 – March 21 to April 16

20-Mar, 80 22:25; L 23:54 988? S22 266 E

22-Mar, 82 L 12:06 987/989 S12 214 E

* 14:05; L 14:30 987/989 S14 209 E

23-Mar, 83 ∼04:30; L 06:54 QS S07 402 E

L 06:54 QS N64 252 E OL

17:30 988 N02 245 E OL

19:45 988 N04 244 E OL

24-Mar, 84 3:54 988 S01 240 E OL

18:30 QSP N28 419 W

21:30 988 S08 236 E

25-Mar, 85 00:37 – 00:52 988-S S18 219 E

* 18:40; L 19:31 989 S13 204 E

26-Mar, 86 6:05 QSP N13 344 W OL

>14:25 QSP S30 159 E OL EO

27-Mar, 87 15:36 QSP N40 136 E EO

28-Mar, 88 13:48 989 S10 188 E EO

29-Mar, 89 5:24 QSP S51 195 E

30-Mar, 90 6:24 989-S S10 166 E EO

3-Apr, 94 1:38 989 S10 205 W EO

19:05; 21:05 989 S08-17 205 W

*4-Apr, 95 6:00 989 S30 195 W EO

16:07; 22:38 989 S08 207 W

5-Apr, 96 5:34; L 06:50 989-E S25 197 W

15:55; L 16:06 987 S08 255 W

18:07; 22:37 989 SE S28 195 W

7-Apr, 98 15:45 QSP N11 90 E

18:26 QSP N52 175 W

8-Apr, 99 4:25 QSP S38 42 E

16:25 988?-S S14 167 W OL

*9-Apr, 100 9:05; 10:26 989 S19-23 211 W
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Table 3 (Continued.)

Date, DOY Time AR Lat. C Long. Limb OL = EO =
Over EUV

limb obs.

only

10-Apr, 101 20:25 QSP N26 −42 E

11-Apr, 102 2:06 near 989? S15 194 W

18:05; L 23:06 QSP S51 −53 E OL

23:45 QS S09 159 W

16-Apr, 107 6:46 990 N45 1 00 (W) EO

10:06; 10:24 990 N45 359 00 (W) EO

18:06 990 N45 354 00 (W) EO

19:37 990 N28 359 W

CR 2068 totals: 38 CMEs with locations; 15 of these are OL and/or EO

CR 2069 – April 17 to May 13

24-Apr, 115 04:16; L 5:06 U AR N10 191 E

25-Apr, 116 0:06 U AR N10 192 E

26-Apr, 117 4:30 QSP S10 246 W

* 14:00 U AR N08 216 W

2-May, 122 19:31 WP 00 78 E

10-May, 130 15:00; L16:54 994 S05 −76 E OL

11-May, 131 18:22 994 S08 275 E

CR 2969 totals: 7 CMEs with locations; 1 of these is OL and/or EO

All 3 CRs: 52 CMEs with locations; 16 of these are OL and/or EO

Key: L = CME onset time in LASCO, AR = Active Region, QS = Quiet Sun; QSP = QS Prominence
(eruption), U AR = Unnumbered AR, WP = Weak Plage region, N, E, SE, S, W = compass directions, OL
= Over the Limb, EO = EUV observation Only.

next section. They were also plotted onto helioseismological subsurface flow synoptic maps
which are discussed in Section 3.2.

2.4. Photospheric, Chromospheric and Coronal Synoptic Maps Showing Evolution
Through the WHI Period

Figure 10 shows GONG synoptic photospheric magnetic field maps for CR 2067 – 2069.
These images show GONG synoptic magnetograms – full-surface maps of the photospheric
magnetic flux density in Gauss. These synoptic maps are derived from calibrated, full-disk
magnetograms from GONG’s six sites. This mapping follows standard techniques that have
evolved with time. Synoptic photospheric field measurements have been routinely avail-
able since the 1960s (Howard, 1967) and at the National Solar Observatory since the 1970s
(Harvey et al., 1980). NSO’s SOLIS (Synoptic Optical Long-term Investigations of the Sun)
Vector Spectromagnetograph (VSM; Keller, Harvey, and Giampapa, 2003) has been produc-
ing synoptic full-disk observations of the photospheric magnetic field since 2003. NSO’s
GONG network began distributing science-ready synoptic magnetograms based on high-
cadence observations in 2006 (Petrie et al., 2006).
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Figure 10 (Left) GONG photospheric magnetic field maps in sin(latitude)-Carrington longitude coordinates
for CR 2067 – 2069. (Right) The CME source locations over-plotted on the same GONG maps. The red
(yellow) markers indicate CME source locations that are more (less) accurate.

As with all the synoptic maps assembled for WHI, the GONG maps have been remapped
into straight latitude (not sine of the latitude) vs. Carrington longitude (Gibson, Webb, and
Thompson, 2010). This format improves the viewing of mid-latitude features. Since the
magnetogram data obtained at the highest latitudes is not useful, these areas are black above
∼60◦. On the right side of Figure 10 the CME source locations have been over-plotted on
the same GONG maps. The red (yellow) markers indicate those CME source locations that
are more (less) certain (see above).

Figure 11 shows for the three CRs synoptic maps of the magnetic polarity boundaries,
active regions, filaments and coronal holes. These maps, the so-called Hα or “McIntosh”
maps, combine observations of both photospheric magnetic and chromospheric structure
(see, e.g., Fox, McIntosh, and Wilson, 1998; McIntosh 2003, 2005). Polarity boundaries,
active regions, filaments and coronal holes are mapped. Careful mapping of Hα filaments,
fibril patterns, and plage corridors provide a method of charting the large-scale magnetic
field patterns and their evolution. Because they tend to be stable and attached to the solar
surface at arch footpoints, these Hα features are reliable markers of magnetic neutral lines
(i.e., lines of polarity reversal of the large-scale solar magnetic fields) in areas of the quiet
Sun and have been used to compile global maps of the large-scale solar polarity patterns
for the past 40 years. On these maps the large-scale polarity patterns are highlighted by the
white and gray areas with + (outward) and − (inward) signs added for clarity. The field
polarity patterns are obtained from daily photospheric magnetograms.



D.F. Webb et al.

Figure 11 (Left) Hα synoptic maps for CR 2067 – 2069 showing evolution through the WHI period. Polarity
boundaries, active regions, filaments and coronal holes are mapped. Note the interplay between coronal holes
and active regions. In particular, the southern extension of the negative (red) equatorial CH grew larger and
the long southern filament evolved on each rotation (arrows). These regions bracketed the evolving AR area
between L = 200 − 270◦ , where the magnetic neutral line/streamer belt warp was greatest (see Figure 4).
(Right) The CME source locations over-plotted on the same Hα maps. The purple (yellow) markers indicate
CME source locations that are more (less) accurate.

Coronal hole boundaries as indicated on He I 10830 Å spectroheliograms, particularly
those from NSO Kitt Peak, are also shown on these maps. In 10830 Å images coronal
holes appear as regions brighter than the rest of the solar disk and contain a diffuse network
fine structure. Here the coronal holes are colored: red = negative, blue = positive polarity.
It is possible that the motions of the persistent polarity cells reflect large-scale magnetic
activity beneath the photosphere, such as giant convective cells (see, e.g., McIntosh, 1992,
2005). The cells that persist are bounded by long filaments, indicating shearing zones. The
coronal holes are associated with these long-lived cells and the equatorial crossings that
are associated with the sunspot groups. Note the interplay between these coronal holes and
the active regions. In particular, the negative (red) equatorial hole grew larger in the south
and the long southern filament evolved on each rotation (cross-hatched region between L =
195−240◦). These regions bracketed the evolving AR area between L = 200−270◦, where
the magnetic neutral line/streamer belt warp was greatest (see Figure 4). The positive (blue)
equatorial hole appeared to be breaking up by the third rotation.

On the right side the CME source locations are over-plotted on the same structure maps.
A particular feature of these maps is the polar crown, a ring of high-latitude filaments which
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almost encircles the polar regions at this time of the cycle (McIntosh, 1992, 2005). The
neutral line defined by the polar crown is part of the longest neutral line on the solar surface,
having a physical connection with filaments and active regions near the solar equator. At
this time the northern polar crown, denoted by the mostly continuous, solid line at latitude
∼45◦, was well defined and almost completely encircled the Sun.

Most of the CME sources appear to have been associated with the ARs or at least the
general region of evolving activity centered at ∼210◦ longitude. On CR 2068 the majority
of sources were associated with the three dominant ARs, in particular with 10989. These
appear as the tight clustering of sources near the equator between +10◦ and −20◦ latitude
and 180◦ and 270◦ longitude. Most of the other sources appear to have been associated
with either isolated filaments or filaments in the north polar crown filament channel. For
example, outside of the confined AR cluster, many of the sources on CR 2068 lay within
10◦ of a long filament or isolated filament segment. All of the six northernmost (latitude
> 45◦) sources were likely associated with eruptions of filaments from the north polar crown
filament channel. This proximity to isolated filaments also holds for all of the sources outside
of the active regions on CR 2067 (5 of 7) and 2069 (4 of 7). We note that the uncertainties
in determining the CME surface associations and plotting them on the synoptic maps do
not permit a more detailed assessment of the physical associations. However, that CMEs are
strongly connected with both active region and filament eruptions is well known. That these
two classes of eruptions are so clear in our sample is perhaps surprising considering the low
level of solar activity during this extended minimum.

Figure 12 shows LASCO white light synoptic maps for the east (left) and west (right)
limbs that show the evolution of bright (i.e., dense) coronal structures, including some
CMEs, for the three CRs. As on the previous figures, the CME source locations for each
CR are marked on each of these maps. However, to ensure that the sources are mapped
onto the correct synoptic map, they were divided according to the limb at which they were
observed, i.e., east or west as given in Table 3, column 7. Vertical streaks on the maps indi-
cate CMEs (see Figure 4 and Section 1.2). Slowly evolving coronal streamers form arcs on
these maps which are broader (narrower) at lower (higher) heights. As noted earlier, these
streamers tend to blend together and wrap around the Sun as a “belt” that outlines the base
of the heliospheric current sheet as delineated in potential field models (see, e.g., Figure 4).
Most of the CME sources on the three CRs lay within or close to bright coronal structures,
especially along the long streamer belts. This is consistent with the known close associ-
ation between filaments and filament channels and cavities and their overlying streamers
(see, e.g., Gibson et al., 2006). These structures occasionally can erupt as CMEs, the more
energetic of which appear as the bugles on synoptic maps. Good examples appear here on
the east limb maps on CR 2068 at L ∼ 190, 230 and 235◦ and CR 2069 at L ∼ 130◦. The
active region-associated cluster of sources from 180 – 270◦ longitude spans the gap (and
maximum warping of the HCS) between the northern and southern streamer belts. As noted
above, this region was the most rapidly evolving during this period and was bounded by the
low-latitude, opposite-polarity coronal holes and regions of open magnetic fields.

3. Surface Magnetic and Subsurface Structures of the WHI Active Regions

3.1. Magnetic Flux Balance and Helicity

Table 4 presents the number of flares and CMEs identified with each AR on each ro-
tation. The statistics are only useful for CR 2068, since the activity level was low
and the Hα flare coverage was poor on the other two rotations. However, we in-
cluded these rotations in the table for completeness. The flare identifications were
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Figure 12 LASCO synoptic maps showing coronal evolution and CMEs for the three CRs at a fixed height
of 5 RS. Left: East limb maps with the east limb CME source locations over-plotted. The magenta (yellow)
markers indicate CME source locations that are more (less) accurate. Right: West limb maps with the west
limb CME source locations over-plotted. Figure 4 (right) shows the equivalent west limb maps without the
CME locations. See Figure 4 of Petrie, Canou, and Amari (2010) for similar maps from the STEREO COR1
coronagraphs.

obtained from the NOAA NDGC online catalogs of Hα and X-ray (GOES) solar
flares. For CR 2068 these were augmented by comparison of each listed event with the
Lockheed Martin Solar and Astrophysics Laboratory (LMSAL) “Latest Events” catalog
(http://www.lmsal.com/solarsoft/latest_events_archive.html) and the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) X-ray flare catalog (http://hesperia.gsfc.nasa.
gov/hessidata/dbase/hessi_flare_list.txt). This augmented list is discussed by Welsch,
Christe, and McTiernan (2011), who found discrepancies in the flare identifications and
counts among the three ARs between the GOES and RHESSI data bases. In the table the
flares per AR are listed in the columns and subdivided by whether the identification was
from Hα observations only, from both Hα and X-rays, or from X-rays only. We derived the
CME statistics from Table 3. The CMEs per AR columns are subdivided as to whether their
identifications were definite (Def.) or questionable (?). The two CMEs on March 22 were
each associated with two ARs. The table shows that for the WHI rotation, the flares were
mostly evenly distributed among the 3 ARs, with the most from AR 10988 and the least
from 10987. On the other hand nearly twice as many CMEs came from AR 10989 as from
the next most active region (AR 10988).

Although the surface magnetic and subsurface structures of the ARs were clearly sepa-
rate, coronal loops (Figure 3, bottom) and filaments (Figure 11) interconnected them above

http://www.lmsal.com/solarsoft/latest_events_archive.html
http://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_flare_list.txt
http://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_flare_list.txt
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Table 4 Number of flares and
CMEs per active region. CR 2068 (WHI)

AR→ 987 988 989 990 None Total

Flares

Hα only 2 0 0 0 – 2

Hα+ XR 1 5 3 0 – 9

XR only 7 9 9 1 13 39

Total 10 14 12 1 13 50

CMEs

Def. 3 5 12 4 – 24

? 0 2 1 0 – 3

Total 3 7 13 4 – 27

CR 2067

AR→ 985 986 None Total

Flares

Hα only 2 0 – 0

Hα+ XR 1 0 – 1

XR only 0 0 0 0

Total 3 0 0 3

CMEs

Def. 0 0 – 0

? 0 4 – 4

Total 0 4 – 4

CR 2069

AR→ U AR 994 None Total

Flares

Hα only 0 0 – 0

Hα+ XR 1 0 – 1

XR only 0 0 2 2

Total 1 0 2 3

CMEs

Def. 3 2 – 5

? 0 0 – 0

Total 3 2 – 5

the surface. Some of these interconnecting structures were involved in the activity, especially
the CMEs. In the following we search for evidence of the driving forces of this activity in
the photospheric dynamics and subsurface structures.

Detailed studies of the surface magnetic characteristics of the three WHI ARs are dis-
cussed by Petrie, Canou, and Amari (2010) and Welsch, Christe, and McTiernan (2011).
Some of their pertinent results are summarized here. According to nonlinear force-free field
(NLFFF) models, AR 10989 had the weakest field, the least free magnetic energy and the
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least relative helicity. But 10989 was the most active, at least in terms of CME rate, of the
three regions. Welsch, Christe, and McTiernan (2011) characterized photospheric magnetic
evolution in these active regions using feature tracking, correlation tracking, and other meth-
ods (see, e.g., Welsch et al., 2009), but these results also provided little indication that 10989
would be the most active of the regions.

From the study of Petrie, Canou, and Amari (2010) it is evident that the three active
regions were very interconnected in the PFSS models, and this is consistent with NLFFF
models of the ARs that showed that they had large flux imbalances. All three ARs also lay
near boundaries between open and closed fields, particularly the outer regions, 10987 and
10989. The PFSS modeling demonstrates that AR 10989 lay almost completely outside the
streamer belt, perhaps aiding the ejection of coronal material as CMEs into the heliosphere.
This is because we expect a closed loop system to be more likely to reconnect if it is in
contact with a topologically distinct domain of open field lines than if it lies within the
closed fields under a helmet streamer. Since AR 10989 was located mostly in an open field
region, it might be expected to reconnect and flare more often than the other regions, as
was observed (see Petrie, Canou and Amari). Such differences in the large-scale coronal
magnetic environment might partially explain why flare activity levels were broadly similar
among the WHI ARs, but CME activity levels were not.

Summarizing these studies of the surface fields: i) AR 10989 was exposed to a region of
open magnetic field whereas most of 10987 and 10988 lay within the streamer belt; ii) 10987
(10988) had a symmetric bipole with a negative (positive) flux imbalance, and both had
non-potential coronal fields; iii) 10989 had a symmetric, but more dispersed bipole with
near-flux balance and a nearly potential coronal field; iv) Nevertheless, the ARs were highly
interconnected above the surface. Our discussion of the magnetic flux balance and helicity
of the ARs has been somewhat speculative because, despite performing detailed calculations
and modeling of these parameters, the results did not clearly identify a dominance of one
region over the others.

3.2. Relationship of Subsurface Flows to the Surface Magnetic Field

Another way of studying transient source regions and ARs is to study the subsurface flows in
which they are embedded and how they are affected by such flows. Information about these
horizontal flows and their temporal evolution as a function of latitude, longitude and depth,
are made possible through the use of local helioseismic techniques, e.g., time-distance to-
mography, ring analysis and acoustic holography. These three main local helioseismic tech-
niques use different types of measurements and inversion procedures over a wide variety of
spatial and temporal scales and use different properties of the solar five-minute oscillations
to determine flows. Ring analysis assumes that the wave field over localized areas can be
represented by plane waves in the zonal and meridional directions, and basically measures
the Doppler shift between waves traveling in opposite directions. Time-distance tomography
measures differences in travel times between waves traveling in opposite directions to de-
termine flows, while acoustic holography is similar to time-distance measurements, but uses
information about phase differences in analogy with optics (see Gizon and Birch (2005) for
an extensive review of local helioseismology).

These methods have been applied extensively to the study of flows in the upper convec-
tion zone and have shown that there are often stronger and more organized flows near active
regions than in areas of the quiet sun (see Haber, 2008). Markedly different behavior is seen
depending on the strength of magnetic activity and depth of the observed flows. On the larger
scales (∼15◦) used by ring-analysis techniques, converging flows are seen near the surface
around most active regions, while diverging flows are seen below ∼10 Mm for the largest
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regions. On smaller scales, used by time-distance, acoustic holography, and high-resolution
ring analysis, one can see diverging flows around individual sunspots near the surface.
From the high-resolution magnetic data acquired with the SOHO Michelson Doppler Imager
(MDI) and with the ground-based GONG telescopes, it has been possible to determine the
large-scale subsurface flows occurring around a large sample of active regions over the last
solar cycle. Synoptic maps, generated with both ring analyses (see, e.g., Haber et al., 2002;
Komm et al., 2004) and time-distance tomography (see, e.g., Gizon, Duvall, and Larsen,
2001) show predominantly horizontal flows converging around active regions in the up-
per few Mm of the convection zone. At greater depths (9 – 15 Mm) there is a dramatic
change in the flows for many active regions with strong outflows detected around ma-
jor active regions by both time-distance techniques (see, e.g., Zhao, Kosovichev, and Du-
vall, 2004) and ring-analysis techniques (see, e.g., Haber, Hindman, and Toomre, 2003;
Haber et al., 2004), mainly appearing perpendicular to the magnetic neutral line.

Many theoretical models of coronal mass ejections and flaring activity depend on the
kinetic helicity of flows in the turbulent convection zone twisting the footpoints of magnetic
structures and destabilizing the coronal loops. Observationally, it is now becoming possible
with local helioseismology to measure the helicity of the flows. There has been a search for
systematic differences between active regions that have pronounced flare activity with those
that do not. Komm et al. (2004) used ring analysis on GONG data to derive fluid dynamics
descriptors such as the divergence and vorticity. Vorticity, which is a vector quantity, and
kinetic-helicity density, which is a scalar, are quantities associated with mixing and turbu-
lence that might drive twisting of fields below the surface. Komm and colleagues have found
that the unsigned kinetic-helicity density at depths greater than 2 Mm correlates with the
unsigned magnetic flux, and that the maximum value of the helicity density associated with
active regions correlates remarkably well with the total X-ray flare intensity of the active
regions (see, e.g., Mason et al., 2006). In maps of flow vorticity, most active regions show a
“dipolar” pattern in the zonal and meridional vorticity components (Komm and Hill, 2009).
These patterns are most pronounced in strong active regions that produce flares. Komm et al.
(2011) quantified this dipolar pattern for each active region and derived a so-called structure
component of vorticity. They find that the structure vorticity at depths > 7 Mm combined
with the total surface flux is the best predictor of C- and M-class flares. Reinard et al. (2010)
have applied this approach to derive a kinetic-helicity density parameter for forecasting
large flares. They find that this parameter can discriminate between flaring and non-flaring
regions, often increasing 2 – 3 days before a flare. Since the parameter is also sensitive to
the differences among C, M and X-class flares and because most M and X-class flares are
associated with CMEs, this suggests that such subsurface parameters may be important for
driving CMEs.

Therefore, we decided to map the CME source locations on subsurface flow maps that
were produced for the WHI campaign. For this purpose subsurface flow maps were con-
structed from GONG data and with SOHO MDI data. For both ring-analysis techniques
were used to produce maps over the same range of depths down to ∼15 Mm. The surface
magnetograms (over which the flows are overlaid) show opposite magnetic polarities: in
blue and yellow for the GONG data (Figure 13) and in green and red for the MDI data (Fig-
ures 15 and 16). GONG data were available for all three of the CRs in this study, but the MDI
data were limited to CR 2068 and 2069. In Figure 13 synoptic maps of the GONG subsur-
face flows at the same depth (∼7 Mm) over the three CRs are shown without (left) and with
(right) the CME source locations over-plotted. This illustrates the complex flow patterns
especially near active regions. Figure 14 presents the corresponding kinetic-helicity density
for CR 2068 at the same depth with the contour lines outlining the three active regions. AR
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Figure 13 Left: GONG subsurface flows determined by ring analysis for CRs 2067 – 2069 at 7.1 Mm depth.
Right: same maps with the CME source locations over-plotted. The purple (white) markers indicate CME
source locations that are more (less) accurate. The horizontal flows are shown as arrows superimposed on
a synoptic map of the surface magnetic field. The average rotation rate and meridional flow have been sub-
tracted.

10989, which was the most CME productive of the three regions, shows the dipolar pattern
characteristic of flare-productive regions. AR 10988 also shows a dipolar pattern, while AR
10987 shows the smallest subsurface helicity values. These WHI subsurface maps show that
large-scale, subsurface flows associated with the three active regions were vortical, as ex-
pected from previous analysis of helioseismic data, and that the region with the strongest
helicity pattern was also the most CME productive one.

To study the temporal variation of subsurface flows, Figures 15 and 16 show high-
resolution MDI “daily” (actually 27.5 hours) subsurface horizontal flow maps for depths
1, 4 and 7 Mm for the active region areas, Carrington longitudes 180 – 240◦, over the pe-
riods March 28 – April 2 and April 24 – 28, respectively. The first two columns of maps in
Figure 15 are not contiguous in time. There is a gap of two “ring days” between the March 28
data (which actually started in the middle of the 28th) and the April 1 data (which started at
the beginning of the day). The maps reveal that a persistent subsurface vortex area appeared
near AR 10989 (207◦ longitude, S8◦ latitude) before the April 5 – 9 events (Figure 15) with
flows swirling around this location. The maps in Figure 16 cover the area and the days before
and after the major April 26 event. An area of vortical flows appeared near 216◦ longitude
and N8◦ latitude before the April 26 event. During April 25 and 26, subsurface flows con-
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Figure 14 The kinetic-helicity density determined by ring analysis for CR 2068 at a depth of 7.1 Mm.
The contour lines indicate the three active regions. AR 10989 shows the dipolar pattern characteristic of
flare-productive regions.

verge and swirl around this location. Thus, significant subsurface flow activity preceded or
was otherwise associated with the active regions that produced several large CMEs. This
is consistent with the result by Kosovichev and Duvall (2011) who used ring-diagram and
time-distance analyses to investigate the subsurface structure of the WHI ARs in the depth
range of 0 – 30 Mm. They found some persistent shearing flows which may be important for
driving the flaring and CME activity. These preliminary results are encouraging and suggest
that the “twistedness” of subsurface flows, as quantified by vorticity and helicity, and its
temporal variation might be related to the CME productivity of active regions similar to the
relationship between flares and subsurface flows. A thorough statistical study is needed to
determine what relationship, if any, such flows have with CMEs and eruptive events. Helio-
seismic studies are still in their infancy and, to our knowledge, this is the first time that such
subsurface data has been compared globally with surface eruptive events.

4. Conclusions

We have described the results of study of the evolution of the solar activity, primarily in
the form of active regions and associated coronal mass ejections, during this period, placing
them in the context of the global solar magnetic field and its evolution during the three ro-
tations centered on CR 2068. This period was important because the last burst of significant
activity before the actual solar activity minimum occurred during it. During the solar rota-
tions immediately prior to WHI and during the latter half of the WHI period, the Sun had
few sunspots and was characteristic of solar minimum. The WHI CR featured the strongest
evolution within the area of flux emergence and AR growth that developed between Carring-
ton longitudes 220 – 300◦ from late 2007 and faded after July 2008, leading to the overall
minimum in late 2008 to early 2009. During the first part of CR 2068 there were three main
ARs flanked by two opposite-polarity, low-latitude coronal holes which led to both eruptive
activity and solar wind structure. After WHI this strong pattern faded with more dispersal
of sunspots and active regions leading to the actual minimum.
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Figure 15 SOHO MDI daily subsurface horizontal flow maps from ring analyses at depths of 1, 4 and 7 Mm,
top to bottom, determined using Optimally Localized Averages (OLA) inversions and with the mean zonal
and meridional flows removed. The maps cover the three “ring days” specified by the dates on top; there was
a gap in ring data (27.5 hours) from mid-March 28 to start-April 1. The flows are overlaid on MDI (surface)
magnetograms with opposite polarities shown in red and green. The maps reveal a subsurface vortex area that
appeared before the April 5 – 9 events.

We can summarize the global magnetic field observations and potential field modeling
during this period as follows. The Sun was relatively quiet, with a brief burst of activity
peaking during WHI. The first active regions with Solar Cycle-24 bipole structure appeared
in early 2007, but Cycle-24 bipolar regions remained small and had negligible influence
on the global field until 2009. The streamer belt was locally warped in the region between
the low-latitude, opposite-polarity coronal holes and open field where the rapid evolution
highlighted by the three WHI active regions developed. These regions all lay near the equator
but were in the southern hemisphere and of old-cycle 23 polarity. The global two-sector
structure was characteristic of solar cycle minimum, and the streamer belt was asymmetric
and similar to a tilted dipole. However, in as much as the 1996 minimum is considered
typical of solar minima, this minimum was not. Not only did it conclude a long period of
declining activity and no sunspots, the global field never achieved the simple, slightly tilted
dipole configuration of previous minima (see, e.g., Gibson et al., 2011).

In comparison with the last minimum (the WSM period in 1996), Cremades, Mandrini,
and Dasso (2011) found that there was much more activity this minimum, at least during the
WHI period, than last minimum. We identified over 100 CMEs during the three rotations,
with about two-third occurring during CR 2068. Most of these WHI transients occurred
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Figure 16 Similar SOHO MDI subsurface maps for the four days specified by the dates on top. These maps
reveal that subsurface flows occurred before and during the period of the major April 26 CME.

during the active early to middle part of the interval (late March to early April), and the
source for the three largest CMEs was in or near AR 10989.

By over-plotting the CME source locations onto synoptic maps of subsurface flows, the
photospheric magnetic field, chromospheric structure, and the white light corona, we found
that most of the sources were associated with the three dominant ARs on CR 2068, par-
ticularly 10989. Most of the other sources on all three CRs appear to have been associated
with either isolated filaments or filaments in the north polar crown filament channel. It is
well known that CMEs are strongly connected with both active region and filament erup-
tions near the surface. Most of the CME sources also lie within or close to coronal structures
bright (dense) in white light, especially along the long streamer belts. This is consistent with
the known close association between filaments and filament channels and cavities and their
overlying streamers, which can erupt as CMEs.

Calculations of the Poynting fluxes and magnetic helicities of the three ARs indicated that
AR 10989 had the weakest field, the least free magnetic energy and the least relative helicity,
and yet was the most active of the three ARs. The three ARs all lay near boundaries between
open and closed field. ARs 10987 and 10988 had symmetric bipoles but flux imbalance and
non-potential coronal fields. AR 10989 was more symmetric, nearly in flux balance and had
a potential-like field. However, all three ARs were highly interconnected. Thus, we might
not expect AR 10989 to have been the most active. The cumulative helicity flux in AR
10989 matched that in 10988, though 10988 had more total magnetic flux. Thus, the helicity
per unit flux in 10989 exceeded that in 10987 and 10988 and could be a reason why it was
more active. Overall, however, the calculations of the flux balance and helicity of the surface
magnetic features did not clearly identify a dominance of one region over the others.

On the other hand, the results using the helioseismology data to determine subsurface
flows beneath these active regions did reveal a pronounced difference among them. Active
regions in general do show vortical flows underneath them. In our case AR 10989, the most
CME productive of the ARs, had strong vortical flows of opposite sign, a characteristic of
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flare-productive regions. Thus, significant subsurface flow activity preceded or was other-
wise associated with the active regions that produced several large CMEs. These preliminary
results suggest that the “twistedness” of subsurface flows and its temporal variation might
be related to the CME productivity of active regions, similar to the relationship between
flares and subsurface flows. A thorough statistical study is needed to determine what rela-
tionship, if any, such flows have with CMEs and eruptive events. Helioseismic studies are
still in their infancy but, to our knowledge, this is the first time that such subsurface data has
been compared globally with surface eruptive events.

In summary, what have we learned relative to the questions posed in the Introduction?
Because of the long and deep solar decline to minimum during this past cycle, we have been
able to study the Sun’s last burst of activity against a relatively simple coronal and magnetic
field background. Combined with dramatic improvements in observations, this enabled us to
better understand the causes and effects of this activity. For the first time we could measure
the flows and related parameters beneath the active regions and relate them to the evolution
of the ARs and degree and timing of the flares and CMEs associated with them. Although
studies of such interconnections are just beginning, our results should help guide future
research in this area.
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