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To better understand the processes that 
connect the Earth environment to the Sun, 
NASA’s Living With a Star program must 
address questions that cut across tradi-
tional science disciplines. To meet this chal-
lenge, the Targeted Research and Technol-
ogy component of Living With a Star has 
developed an innovative strategy to focus 
research on the most complex science tar-
gets. The targets are drawn up each year 
by a panel of senior scientists. These tar-
gets are then publicized, and individual 
researchers can propose solutions. NASA 
then selects teams of researchers through 
a peer-review process for each targeted 
effort. This contrasts with other NASA pro-
grams in which individual and indepen-
dent programs are selected for study. 

This article reports on the science motiva-
tion and approach of one key team selected 
in September of 2005 to address the follow-
ing major question: What determines the 
topology and evolution of the magnetic 
fields that stretch from the surface of the Sun 
to the outer boundary of the heliosphere?

Heliospheric Magnetic Field

The heliosphere is a teardrop-shaped 
bubble of hot gas, or plasma, in interstel-
lar space that extends from the Sun to 
beyond 100 times the Sun-Earth distance 
(100 astronomical units (AU)). It is inflated 
by the solar wind and threaded by mag-

netic fields that affect the electrical envi-
ronment of Earth and all the planets. 

Events in the Earth’s space environ-
ment are dominated by what happens at 
the inner heliospheric boundary, the solar 
corona. The spectacular observations of 
the Sun and its million-degree corona 
obtained by decades of ground-based 
observatories and by the Solar and Helio-
spheric Observatory (SOHO) and other 
spacecraft have attracted the attention of 
specialist and lay audiences alike. Yet, rela-
tively little is known about the fundamental 
processes taking place within the corona. 

One important reason that such issues 
have not been addressed is that it is not 
currently possible to measure the mag-
netic fields in the solar corona directly. 
In the mid-1970s, the two Helios space-
craft, developed by Germany and the 
United States to study the Sun, came 
within 0.29 AU, or 62 solar radii (RS ), 
of the Sun. This is the closest approach 
yet, but it is not close enough: The solar 
wind is heated and accelerated within 
5 RS, and the supersonic solar wind 
decouples from the Sun at 10–20 RS 
(the so-called Alfvén radius, where the 
speed of transverse waves in the mag-
netized plasma equals the solar wind 
speed itself). Helpful optical and radio 
wave observations of solar wind compo-
nents in the corona exist, but they usu-
ally involve averaging the properties of 

A rising volcanic plume from an unknown 
source was observed on 9–11 August 2006 
in the Vava’u Island group in the north-
ernmost islands of Tonga [Matangi News 
Online, 2006]. On 12 August, the crew 
on board the yacht Maiken, sailing west 
from Vava’u to Fiji, encountered “a vast, 
many miles wide, belt of densely packed 
pumice” floating on the water (F. Frans-
son, Pers. communication, 2006). Later, 
the crew sailed south and discovered that 
the source of the pumice was a newly 
erupting submarine volcano near Home 
Reef (18.991ºS, 174.767ºW) (Figure 1a). 

The submarine Home Reef volcano last 
erupted in 1984, creating a small, tempo-
rary island, 1500 meters long × 500 meters 
wide [Smithsonian Institution, 1984]. The 
1984 eruption also produced large amounts 
of pumice that rafted away with the cur-
rents, and over the following year the float-
ing pumice traveled to beaches as far away 
as Fiji and Australia [Smithsonian Institu-
tion, 1985; Bryan et al., 2004]. With time, 
these ocean-voyaging pumice fragments 
can have far-reaching ecological effects 
as a transportation mechanism for some 
marine organisms [Bryan et al., 2004].

The characteristics of the current erup-
tion are similar to those of the 1984 erup-
tion: a volcanic plume breaching the sea 
surface, extensive pumice rafts, and the for-
mation of a new island [Smithsonian Institu-

tion, 2006]. In addition, satellite observations 
of Home Reef indicate water discoloration 
and increased sea surface temperatures. 
Discolored seawater caused by the precipi-
tation of silicon dioxide, aluminum oxide, 
and iron oxide particles often is present 
around active volcanic islands and sea-
mounts where hydrothermal fluids mix with 
cooler seawater [Urai and Machida, 2005].

Home Reef Observations 

The first local observations of the new 
island were recorded on the Web log of the 
Maiken crew on 12 August 2006, who noted 
that the new island was “…one mile in diam-
eter and with four peaks and a central crater 
smoking with steam and once in a while an 
outburst high in the sky with lava and ashes” 
(Figure 2b). After these initial observations 
were reported, data from the Advanced 
Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) and the Moder-
ate Resolution Imaging Spectroradiometer 
(MODIS) on board the Terra satellite and 
MODIS onboard the Aqua satellite were used 
to pinpoint the timing of the eruption, locate 
and measure the new island at Home Reef, 
measure temperature and color changes 
in the water around the island, and mea-
sure the extent of the floating pumice rafts. 

The ASTER instrument measures radiance 
in 14 spectral channels from the visible-near 
infrared/short-wave infrared (VNIR/SWIR) 

The seismographic stations deployed 
as part of USArray are one component 
of the U.S. National Science Founda-
tion-funded major research equipment 
facility EarthScope. When fully opera-
tional, USArray will include 400 broad-
band stations in a Transportable Array 
(TA) that will be deployed over a regular 
grid of sites with approximately 70 kilo-
meter spacing. The TA will migrate across 
the United States over the next decade, 
ultimately occupying about 2000 sites 
in the conterminous U.S. and Alaska.

While USArray’s primary objective is to 
record seismic signals for research appli-
cations addressing the structure, evolu-
tion, and seismicity of North America, the 
high-quality seismic recording capabili-
ties of the TA installations allow data from 
small, distant events to be acquired and 
analyzed for other purposes, such as deep 
mantle studies, earthquake rupture inves-
tigations, and analysis of unusual seis-
mic sources, such as underground nuclear 
explosions. The TA currently is under-
going its initial deployment in the west-
ern United States, and about 240 stations 
were operational at the time of the under-
ground nuclear explosion detonated by 
North Korea on 9 October 2006. (Figure 1). 

This article demonstrates the TA’s small-
event detection capabilities through the 
extraction of high-fidelity signals produced 
by the North Korean explosion. These TA 
data augment the detections from closer 
stations and small-aperture regional seis-
mic networks; future analysis of the wave-

forms may provide constraints on the 
detailed source process. The goal of this 
article is to use conventional waveform 
stacks to illustrate USArray data quality, not 
to analyze the properties of the explosion.

Detecting Explosion 

The U.S. Geological Survey (USGS) esti-
mated the hypocenter and magnitude of 
the North Korean event: 41.294°N, 129.094°E 
(Figure 1), 9 October 2006 at 0135:28 
(UTC), mb 4.2 (http://earthquake.usgs.
gov/). Given independent calibration of the 
seismic magnitude versus known explo-
sive yield for a particular geologic environ-
ment, the measured seismic magnitude can 
be used to estimate the explosion energy. 
Several yield estimates of less than 1 kilo-
ton for the North Korean event have been 
announced in the popular media, based 
on various seismic magnitude estimates. 

USArray TA stations operating in the 
western United States (Figure 1) are at 
epicentral distances of 66°–95° from the 
North Korean test site. Although simple 
teleseismic P waveforms are expected 
for an underground explosion, a magni-
tude 4.2 event is expected to produce only 
about a 2-nanometer displacement in this 
distance range; typically, only exception-
ally quiet sites or seismic arrays specially 
designed to reduce seismic background 
noise [e.g., Douglas, 1998] can make 
robust detections of such small signals. 
The Comprehensive Test Ban Treaty Orga-
nization International Monitoring System 
(http://www.seismo.ethz.ch/bsv/ctbto/ims.
html) routinely uses small-aperture seis-

mic arrays, which are also now being inte-
grated into the National Earthquake Infor-
mation Center monitoring operations (H. 
Benz, personal communication, 2006). 

The TA, in contrast, is designed to record 
a broad spectrum of ground motions at 
isolated sensors with an emphasis on uni-
form spatial coverage appropriate for seis-
mic imaging of Earth’s interior rather than 
on multiple sensor stacking. However, 
the quality of the TA installations allows 
some applications to seismological prob-
lems other than the primary design goals 
which involve studying North America. 

Casual inspection of the broadband TA 
recordings (openly available, along with 

all other TA data, from the Incorporated 
Research Institutions for Seismology (IRIS) 
data management system, http://www.iris.
edu/) reveals no discernible signal. How-
ever, when the data are band-pass filtered 
between 1 and 4 hertz, 45 of the currently 
operating stations show a coherent P wave 
signal a few seconds later than the arrival 
time predicted for a standard Earth model. 
The stations recording clear P wave arriv-
als are identified in Figure 1. These stations 
tend to be far from the noisy Pacific coast, 
but otherwise they are fairly uniformly dis-
persed throughout the current TA footprint.

Nuclear Test Illuminates 
USArray Data Quality

Fig. 1. (top left) Event and station map locations. (bottom left) Locations of the North Korean 
nuclear test and a deep event beneath the Sea of Japan. (right) Locations of unavailable Trans-
portable Array (TA) station signals (light open circles), stations with usable but low signal-to-
noise records (bold open circles), and stations with clear P wave arrivals for the North Korean 
test (solid circles). 

USArray  cont. on page 38C. J. Ammon and T. Lay

Satellite Observations of New 
Volcanic Island in Tonga 

Tonga  cont. on page 41

R. G. Vaughan, M. J. Abrams,  
S. J. Hook, and D. C. Pieri

Connecting the Sun  
to the Heliosphere

Heliosphere  cont. on page 42T. H. Zurbuchen



42

EOS	 VOLUME 88  NUMBER 4  23 JANUARY 2007

many components in a long line of sight, 
and they are not capable of measuring 
the heliospheric magnetic field directly.

Science Questions

The challenges that face the Helio-
spheric Magnetic Field Targeted Research 
and Technology Focus Team can be sum-
marized in four specific questions. 

The first question is: What is the spatial 
distribution of open magnetic flux in the 
corona? Most magnetic fields in the corona 
are loop-like; they evidently close back 
on the solar surface at relatively low alti-
tudes, as shown in Figure 1. Other fields 
appear to stretch into the heliosphere, but 
loops are easier to observe than the so-
called open flux, because heated mate-
rial is trapped in them and is not able to 
escape into the heliosphere. The ‘open’ flux 
could also be viewed as loops that ‘close’ 
in the outer boundary regions of the helio-
sphere, at over 100 AU from the Sun.

Open flux could be concentrated in a 
very few regions with quasi-steady condi-
tions, as predicted by current-free models 
that describe the lowest energy state for 
a given phosphoric boundary, or it could 
be distributed more evenly over the Sun 
with open fields and closed loops able to 
collide frequently and reconnect so that 
an open field closes while a closed field 
opens. If there are such frequent topol-
ogy changes, then they could allow loop 
material to gain access to the heliosphere. 
The team will focus on the plausibil-
ity and consequences of this intrinsically 
time dependent evolution of the open flux 
distribution. Can it explain the distribu-
tion of ion abundances seen in the solar 
wind? Do the interactions of open and 
closed flux contribute to coronal heating? 

The second question to be addressed is: 
How does the coronal magnetic flux change 
over time? The time dependence of the 
open flux distribution has to be accounted 
for in all models that connect the Sun and 
the heliosphere. Two major timescales are 
of interest: ~40 hours, the time it takes the 
photosphere to replenish its magnetic field, 
and 11 years, the approximate time for each 
global reversal in magnetic polarities. Can 
the model based on frequent reconnections 
involving loops account for the magnetic 
polarity change of the Sun every 11 years? 
Or does the open flux at each pole flow 
across the equator as a continent-size patch 
toward the opposite pole, somewhat remi-
niscent of plate tectonics on Earth? Answer-
ing these questions will require more sophis-
ticated computer modeling and a closer 
look at the behavior of coronal holes, which 
are the tracers of open fields in the corona.

The third question is: What are the physi-
cal processes governing these changes? 
Most models proposed to explain the evolv-
ing coronal field distribution invoke a 
combination of gradual but steady flows 
in the photosphere associated with the 

Sun’s rotation, which varies with lati-
tude, and meridional flows of about 10 
meters per second from the equator to the 
poles. There are also random, convective 
flows in the photosphere that completely 
redistribute the fields every ~40 hours. 

Additionally, the models must take into 
account the eruption of magnetic dipoles 
in many places on the Sun, especially the 
major eruptions that lead to the forma-
tion of sunspot groups. The effects of these 
photospheric events on the corona are not 
understood. Almost certainly, the trans-
port processes depend on magnetic recon-
nection, as suggested by the coronagraph 
observations, which involves topological 
exchanges between open and closed fields 
and transfers of helicity from braided fields 
to twisted ones. But agreed-upon estimates 
as to where and at what speed these recon-
nection processes occur have not been for-
malized, and so it is difficult to gauge their 
contributions to coronal heating and accel-
eration. However, the topology changes may 
leave an imprint in the structure of sunspot 
regions and in the turbulence spectrum of 
the solar wind magnetic and velocity fields.

Finally, the team will ask: How can knowl-
edge of coronal and photospheric pro-
cesses lead to predictions of physical condi-
tions in the heliosphere? The fundamental 
goal of the research is to develop an inte-
grated approach that will lead to predic-
tions of the structure of the heliospheric 
field and its development over time. This 
will include the integration of the answers 
to questions 1–3 into a coherent model 
whose predictions can be rigorously tested. 

Figure 2 shows some initial results 
of one such approach. The model uses 
observed solar magnetic fields and cal-
culates the overall topology of the helio-
spheric fields using a numerical solution 
of magnetohydrodynamic (MHD) equa-
tions. Figure 2 shows the results of two cal-
culations, one for September 1996, near 
solar minimum, and one for November 
2000, near solar maximum. The calcula-
tions make predictions for the location of 
the heliospheric current sheet, which sepa-
rates outward pointing from inward point-
ing magnetic fields, which can be tested 
with interplanetary field measurements.

Methodology for Addressing the Scientific 
Questions

As explained in the introduction, the pur-
pose of this focus group is to tackle these 
problems as a team. In order for this effort to 
be successful, the team approach is neces-
sary. Also, a successful methodology has to 
involve models as a means to connect the 
different physical regions and communicate 
between the solar and heliospheric phys-
ics communities. Of course, it will require 
solar and heliospheric data as a reality check 
on the models. All these aspects are repre-
sented in the list of selected proposals (http://
lws-trt.gsfc.nasa.gov/lws_abstract05.htm). 

The proposed approaches include 
(1) models that follow the motion of the pho-
tospheric foot points of the open field and 
(2) models that examine the role of mag-
netic reconnection in coronal dynamics. 
Other approaches are (3) to determine tur-
bulent energy dissipation in the corona in 
regimes with differing magnetic field topol-
ogy, (4) to determine if the structure of 
magnetic fields in the photosphere is cor-
related with the production of solar flares, 
(5) to model the decay of sunspot regions to 
improve understanding of the evolution of 
the patterns in the global fields, and (6) to 
see if the current-free model of coronal fields 
can be used to calculate the rate of open-
ing up and closing down of open flux. 

Identifying specific open fields in 
the heliosphere with their origins in the 
corona is important and challenging, so 
the team will (7) trace beams of elec-
trons accelerated in solar eruptions back 
into the corona, where images may allow 
the electrons’ injection point at the base 
of the open field to be pinpointed. 

The Targeted Research and Technol-
ogy focus team has decided to achieve 
coordination through a two-phase process 
that is enabled through a variety of elec-
tronic and traditional communications and 
regular meetings. Phase 1 is a ‘collabora-
tive phase’ in which small interdisciplin-
ary teams form and address issues related 
to questions 1–3 above and will last for 
approximately 1 year. Phase 2 is the ‘inte-
gration phase’ in which the focus team 
attempts to integrate knowledge to provide 
predictions of the changing heliosphere. 
The team meets twice a year in Boulder, 
Colo., and it uses teleconferences every 2 
months or so to assess its progress and facil-
itate coordination between team members. 

The team has established a Web library 
that includes a depository of presentations 
and discussions participated in by vari-
ous members of the team through e-mails 
and chat rooms. Community members who 
are interested in following this work are 

encouraged to contact the team lead by 
sending an e-mail to thomasz@umich.edu 
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Fig. 1. A view of the solar corona where temperatures average 1,000,000K. Magnetic loops of vari-
ous sizes and magnetic fields that open out to the heliosphere dominate the fine structure of the 
corona. Provided by the Transition Region and Coronal Explorer spacecraft (courtesy of TRACE 
[Transition Region and Coronal Explorer] team).

Fig. 2. Sun-heliosphere connections calculated with an MHD model. The model uses the observed 
distribution of solar photospheric magnetic fields, shown here in Mercator projections (top left 
and bottom right, with positive fields in red and negative ones in blue), at sunspot minimum and 
sunspot maximum, respectively. It calculates the extension of the fields into the heliosphere. The 
top right image shows the predicted structure of the heliospheric current sheet, which lies mostly 
in the ecliptic plane, denoted by the green ellipse, at sunspot minimum. The image at bottom left 
shows the highly contorted current sheet typical of solar maximum conditions. MHD models have 
been successful at large scales. (Field data courtesy of Wilcox Solar Observatory, MHD model by 
SAIC Solar Group.)


