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Foreword

In 1989 I attended my first GEM workshop, the Observational Campaign held at the University of
Maryland. The energy and excitement that was being generated by the GEM community was infectious,
and from that moment I knew that the one meeting that I absolutely had to attend every year was GEM.

In the ten years since then my feelings have not changed in the slightest and the ever-growing size of the

GEM meeting clearly shows that the rest of the magnetospheric community realizes the importance of the

GEM workshops as well. Perhaps of equal importance to the future of our field, the GEM workshops

have become an important educational tool for introducing students to magnetospheric physics. It has

been our great good fortune that the GEM workshops have been or ganized by people who cherished both
the research and educational ideals of GEM and have kept the workshops at the forefront of the exciting
developments in our field. Although the total funding for GEM is only a tiny fraction of the total

government funding for magnetospheric research, the GEM workshops, I believe, stand at the intellectual

center. Our community owes a debt of gratitude to the various organizers of the workshops, who have

done such a fine job of keeping the vision alive.

This report summarizes the history of GEM, results from the first two campaigns and the initial
stages in the development of a Geospace General Circulation Model. I want to thank the many people
who contributed to the report for an excellent job. They have distilled the excitement of the first seven
years of GEM into a concise document that will be a useful guide to the work that has been done and a
pointer for the future. I want to thank Dr. Chris Russell in particular for his work as editor of the report.
Trying to get a group of physicists to work together on preparing a report like this has been likened to the
job of herding cats. Chris obviously knows how to herd space physicists. Finally, I want to express my
thanks to my predecessors in the Magnetospheric Physics Program at the National Science Foundation,
who ultimately are the ones who made it all happen. It has been my pleasure to be associated with GEM
as both a researcher and as the current NSF program director for Magnetospheric Physics. Ilook forward
to a continued association with GEM for the remainder of my tenure at NSF and thereafter once again as
a researcher.

Kile Baker, NSF
October 1999



Preface

The magnetosphere plays a key role in mediating the coupling between the solar wind and energetic
solar particles and the Earth’s upper atmosphere. The magnetosphere acts in part as a shield, in part as an
energy storage device and in part as an accelerator in the energy chain. In our increasingly technological
society both ground-based and space-based systems have demonstrated deleterious effects caused by
disturbances in the magnetosphere. Thus it is imperative to understand the functioning of the
magnetosphere and in the mid 1980’s, Juan Roederer convened a workshop to formulate plans for a
modest, yet innovative program of solar-terrestrial research. In 1991 the first funds for such a program
became available and initial Geospace Environment Modeling (GEM) investigators and coordinators
were selected. Because the available funding by itself could not achieve critical mass, much leveraging of
existing programs was needed. Fortunately, the plan that developed, of focused campaign attacks on
specific scientific targets of opportunity with annual meetings of key researchers, worked very
successfully. Existing problems were solved and new problems could be addressed. A strong program
ensued that continually re-invented itself and progressed to new goals.

The time has come to document that progress in other than just the scientific literature and in
December 1997 C. R. Clauer, the director of the magnetospheric program of NSF’s Atmospheric Sciences
Directorate appointed the contributors to this volume to gather together the results of the GEM campaigns
to date. In this volume we summarize the activities of the GEM community up to the time of our charter
and indicate briefly the new directions GEM is setting for itself.

After a brief introduction the section on the history of the GEM programs, written by G. L. Siscoe
and C. T. Russell, opens with a summary of the events leading up to the GEM program: the Seattle
workshop where the master plan of GEM was developed and the following three pre-campaign
workshops that established how the members of the GEM community would work together. The chapter
outlines the conduct of the first two campaigns: the Boundary Layer Campaign and the
Magnetotail/Substorms Campaign.

The next section written by L. R. Lyons, C. T. Russell and N. U. Crooker covers the activities of the
Boundary Layer Campaign and its three working groups: Reconnection Electric Field and Magnetopause
Boundary Normal Magnetic Field; Particle Entry, Boundary Layer Structure and Mapping; and Current
Systems and Mapping. Each of these working groups worked in different fashions as befit the problems
being solved. The first working group concentrated on ground-based data and event studies; the second
concentrated on space-based data and discussions of outstanding problems; and the third had a mixture of
format and data sources. All interacted strongly with modelers.

The second campaign, covering the magnetotail and substorms is described by N. Maynard, H.
Spence and M. Hesse. This campaign consisted of three working groups: Onset Signatures; Magnetotail/
Substorm Phenomenology — Observations and Models; and Quantitative Magnetotail and Substorm
Models. Again the working groups adopted varying styles of interacting as befit their areas of
investigation. In 1997 the Magnetotail/Substorms Campaign was reconfigured and the working groups
realigned. This phase of the campaign will be a subject of the next GEM report.

The next section of the report, prepared by G. L. Siscoe, discusses the evolution of thinking
regarding the holy grail of the GEM program: the General Geospace Circulation Model (GGCM). The
first part of this section describes the institutional history of the GGCM effort and how it evolved into a
campaign of its own. The second part describes the detailed efforts undertaken by the campaign.

The report comes to a close by briefly reviewing GEM’s new term strategy: the restructuring of the
Magnetotail/Substorm Campaign; the beginnings of the Inner Magnetospheres and Storms Campaign; and



the plans for a future Magnetosphere-lonosphere Coupling Campaign prepared by L. R. Lyons, M. K.
Hudson and R. Greenwald respectively. It then discusses briefly the essential ground-based program that
has supported GEM and the educational component of the GEM program as summarized by W. J.
Hughes. Appendices to the report include the Tables of Content of the six earlier reports on the GEM
program; the strategic plan of the Inner Magnetospheres and Storms Campaign and a bibliography
covering the science of the GEM Boundary Layer for the period 1990-1998.

We are grateful to G. Fasel and E. Zesta for providing some of the figures that illustrate the scientific
results of the GEM program and to A. McGlynn and N. Pereira who aided us in the assembling of this
report.

C.T. Russell
October, 1999
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1. INTRODUCTION

The Geospace Environment Modeling
program, GEM, is the second in order of
inception of three programs that serve the solar-
terrestrial community under the aegis of the
Upper Atmospheric Research Section (UARS) in
the Division of Atmospheric Sciences of the
National Science Foundation. The oldest
program, CEDAR, managed by UARS’s
Aeronomy Program, serves the aeronomy
community. The newest program, SHINE,
managed by UARS’s Solar-Terrestrial Program,
serves the solar/heliospheric community. GEM,
managed by UARS’s Magnetospheric Program,
serves the magnetospheric community. A prime
function of CEDAR, GEM, and SHINE is to
provide a forum for the community each serves
to interact annually for one week in an informal
workshop  setting. These workshops also
provided excellent forums for graduate students
to showcase their work. GEM has organized
regular summer workshops annually since 1992,
though as described in the historical sections of
this report, preparatory workshops preceded it for
several years. Besides annual workshops, GEM
has a budget of about $500K per year within
NSF’'s  Magnetospheric  Physics  Program.
Through annual competitions, this money is used
to fund projects relevant to ongoing GEM
campaigns.

GEM campaigns are a GEM innovation.
Each campaign focuses like a spotlight on a
specific region of the magnetosphere. Then,
according to a preset program, GEM shifts the
spotlight systematically from region to region in
separate ~ campaigns  until  the whole
magnetosphere has been illuminated.  Each
campaign lasts four to five years, and two to
three run simultaneously overlapping in time.
The first campaign focused on the
magnetosphere’s boundary layers. The campaign
was then divided among working groups that
addressed specific topics of relevance to the
overall campaign. Some working groups
followed a more traditional approach of scientific
presentation and discussion. These working
groups assembled teams of experimentalists,
modelers and theoreticians to consider problems

of particular importance for which solutions
seemed to be within reach. Other working
groups concentrated on coordinated studies of
magnetospheric  events to  further their
understanding of specific phenomena. These
became  observational = campaigns  (both
retrospective and prospective) within the overall
scientific campaign.

The directions for the GEM program are set
by a steering committee and the day-to-day
operations performed by a set of GEM
coordinators who manage the electronic and print
communications, and the meetings that enable
the science to proceed. In particular the Steering
Committee decides when a campaign has run its
course and when it is time to begin a new
campaign.

While the campaigns were aimed at solving
scientific problems, it was realized that the
practical needs of society required that this
scientific knowledge be captured in a quantitative
fashion, in what became known as a General
Geospace Circulation Model.

The structure of the GEM program was
quickly mirrored by its meetings. Its annual June
meeting consisted of two campaigns, convened
sequentially, with modeling sessions overlapping
the two campaigns in the middle of the week.
The  meetings encouraged  international
participation in the GEM program, student
attendance participation and the vigorous
integration of observation, modeling and theory.
There has been a strong educational component
with tutorials both for the specialist and students.
Typically the participants began the day with
discussions over breakfast, then gathered as a
whole for tutorial lectures, retired into parallel
splinter sessions during the day, and returned to
some joint activity such as a poster session or a
banquet in the evening. For many working
groups in which rapid progress was being made,
a second working group meeting was held in
December on the afternoon prior to the fall
annual meeting of the American Geophysical
Union.



In the sections below we review the history
of the program in two stages, its early history
leading up to the funding of the first participants
in 1991 and its first seven years from 1991 to
1997. Then follows a description of the first two
campaigns: the Boundary Layer Campaign and
the Magnetotail/Substorms Campaign, and the
development of the General Geospace
Circulation Model. Next we discuss the future
growth of the program and its new campaign.
The report closes with a discussion of the
supporting ground-based program, its educational
component and a bibliography summarizing the
accomplishments achieved in the areas of the
GEM campaign up to 1997.

2. HISTORY OF THE GEM PROGRAM

Between the initial study that led to the
GEM program in 1987 and the awarding of the
first GEM campaign in 1991, four planning
workshops were held and summary reports
issued. Since this was a very busy and formative
period for the GEM program and since this is the
first report setting down the history of GEM, it
seems natural to divide the history of the GEM
program into two chapters: a pre-campaign phase
and a campaign phase. The first phase covers the
period leading up to the awarding of the first
GEM grants that enabled the first GEM
campaign to begin and the second phase in which
the work began. At this writing the third
campaign has already begun but we will restrict
our attention to just the first campaign and the
first half of the second campaigns ending our
discourse in 1997.

2.1 The Pre-Campaign Years - 1987 to 1991

“As humans extend their frontiers beyond
the surface of their home planet - moving
technological  systems, observatories, and
colonies into space — accurate predictions of
weather and climate in space become
increasingly important. New scientific data and
theoretical models are required to achieve this
predictive capability. Therefore a major new
research initiative is proposed entitled Geospace
Environment Modeling (GEM).” These words
by J. Roederer commenced the document that in
May 1988 introduced and defined the GEM

program: Geospace Environment Modeling: A
Program of Solar-Terrestrial Research in Global
Geosciences — May 1988. 1t is fitting to start this
retrospective with Roederer‘s inspiring rhetoric,
for two years earlier, in 1986, he initiated the
process that led to the GEM program.

The year 1986 came shortly after the birth of
the Global Change Program, which is a grandly
envisioned plan conceived as a multi-
disciplinary, multi-agency response to world-
wide concerns over threats to the global
environment from human activities, epitomized
by depletion of the ozone layer and global
warming. The administrators and scientists who
formulated the Global Change Program thought
big, billions of dollars big, which is a bigness
commensurate with their perception of the
seriousness of the threat. At that time, Congress
shared their perception and made clear that it
strongly endorsed and encouraged the program.
With a firm congressional mandate, the Global
Change Program became a juggernaut in the
environmental sciences. Roederer, as Director of
the Geophysical Institute of the University of
Alaska sensed the need to involve solar-terrestrial
research in this program and headed an effort to
insert research supported under NSF’s Solar-
Terrestrial Program (which has since become the
Upper Atmosphere Research Section) into NSF’s
part of the Global Change Program, the Global
Geosciences Program.

In September 1986, Roederer and a group of
scientists (Drs. S. Krimigis, L. Lanzerotti and G.
Reid) met with NSF Director E. Bloch and
Assistant Director W. Merell to propose, in
Roederer’s words, “that aspects of solar-
terrestrial research relevant to the total Earth
system be incorporated as integral components of
the Global Geosciences Program of NSF.” Out
of the meeting, following a formal proposal,
came a workshop funded through the Solar-
Terrestrial Program, which was then headed by
D. Peacock. The workshop was designed to spur
new solar-terrestrial initiatives compatible with
objectives of the Global Geosciences Program.
The workshop convened on August 6, 1987 at the
University of Washington in Seattle. For three
days, 45 scientists debated the merits of various
proposals looking for a project solar-terrestrially



broad enough to embrace most of NSF’s solar-
terrestrial constituency yet terrestrially focused
enough to qualify for legitimacy under the Global
Geosciences Program. By this time, 1986,
CEDAR had already been established and, with
its manifestly atmospheric subject matter, had
qualified for funding under the Global
Geosciences Program. The challenge that the
workshop faced, therefore, was to emulate the
aeronomers’ success with CEDAR with a
program fashioned out of the remainder of the
Solar-Terrestrial Program — the magnetosphere
and the solar/heliosphere.

Two options emerged: 1. a program to
determine the contribution that variations in solar
irradiance make to climate change, and 2. a
thorough program to study the general circulation
of the magnetosphere. The first option, solar
irradiance, had obvious relevance to the Global
Change Program and was already listed among
that program’s projects, albeit with low priority.
Though it won on relevance to the global-change
juggernaut, in the end the irradiance option lost
on relevance to the workshop, since it would
engage professionally only a small fraction of the
solar-terrestrial community. The second option,
general circulation of the magnetosphere, touches
nearly every aspect of magnetospheric physics;
so it won on relevance to the solar-terrestrial
community. It could affirm relevance to NSF’s
Global Geosciences Program by emphasizing the
magnetosphere's terrestrial heritage as the fourth
geosphere — lithosphere, hydrosphere, atmo-
sphere, magnetosphere. Roederer, in the
foreword to the May 1988 report describing the
GEM  program, implicitly  defined the
magnetosphere as a part of the Earth while
leaving open a role for the solar/heliosphere
community: “The medium physically tied to
planet Earth extends hundreds of thousands of
kilometers into space. The outer envelope of the
Earth system is strongly controlled by the
variable components of solar energy....” The
magnetospheric  option also attempted to
demonstrate relevance to the Global Change
Program by making its central subject a
magnetospheric analog of a subject that in
meteorology provides a quantitative,
mathematical approach to climate research — the
general  circulation of the  atmosphere.

Meteorologists” quest for a  predictive
understanding of the general circulation of the
atmosphere had motivated them for decades to
develop large computer codes — their “general
circulation models” or GCMs — to numerically
simulate global atmospheric dynamics. GEM
adopted as its long-range goal the development
of GCMs for the magnetosphere. In summary,
the basic concept that emerged from the
workshop was a community-wide program to
systematically and comprehensively study the
global dynamics of the magnetosphere that is
responsible for the general circulation of the
magnetosphere, which 1s a meteorological
expression that magnetosphericists understood to
mean magnetospheric convection, substorms, and
storms.  The success of the program was
ultimately to be measured by its ability to encode
the results of its studies in one or more
magnetospheric GCMs, which the defining
document of May 1988 designated MGCMs.

The defining document of May 1988 is
remarkable because it laid out a detailed,
systematic program that more than a decade later,
with minor exceptions, is still being followed.
The basic plan it prescribed was to parse
geospace - it had already replaced
“magnetosphere” with this more inclusive word —
into natural, physically distinct regions and
processes — magnetosheath, magnetopause and
boundary layer, global magnetic field,
magnetotail and substorm, convection and
ionospheric coupling, and global plasma model.
Then, over approximately a decade, subject each
in turn to a nominally three-year campaign, with
up to three campaigns running in parallel. Each
campaign was to aim at reducing the
characteristic features and processes of its
domain to quantifiable laws understandable in
terms of operative, domain-specific physics.
Ideally, the results should be expressible in the
form of a module in a modularized MGCM, that
is, a black box that takes as inputs from adjacent
modules values of a finite set of physical
parameters and returns outputs in kind. So, when
the whole suite of campaigns had been run and
all the modules constructed from the information
thus obtained, the modules could be assembled
into a MGCM running in response to inputs from
the solar wind with the 1onosphere represented as



a set of interactive, parameterized boundary
conditions. Since the plan necessitated
combining observations and theory, it introduced
the idea of theory campaigns and observational
campaigns running in parallel but interacting and
together making up a campaign. It deserves to be
noted that the idea of theory campaigns, which is
a unique and highly fruitful innovation of the
GEM program, originated with Chris Goertz, a
key participant at the Seattle workshop and a
member of the first GEM Steering Committee.

The program as envisioned in 1988 was
financially ambitious by NSF standards. Each
campaign was to be funded at between $500K to
$1,000K annually, which for three campaigns
running simultaneously adds up typically to
between $2,500K and $3,000K annually. This
was to be new money in the budget for
magnetospheric physics coming from NSF’s
contribution to the Global Change Program. This
money never materialized, however. Instead
about $300K of new money from divisional
resources was initially added to the
magnetospheric budget to support all GEM
activities — campaigns and workshops. Funding
for GEM has slowly increased to about $500K.

Although the GEM program failed to
become a major source of funds for
magnetospheric research, the magnetospheric
community quickly perceived that GEM offered
something else of value. It provided a goal, a
plan, and a forum for magnetospheric research.
It gave a sense of direction and a way to measure
progress. It gave an organizational structure that
allowed the magnetospheric community to take
on projects of greater scope than it could
otherwise. It gave community coherence while
maintaining community control. By featuring
graduate student events (e.g., tutorials) and by
promoting graduate student presentations, it gave
a way for the community to “foster its young.”
As seen by the popularity of its summer
workshops — over 200 attendees — and by the
scientific productivity of the program, GEM has
succeeded in making a qualitative difference in
the amount, the coherence, the scope, and the
purposefulness of magnetospheric research:

The defining document of 1988 laid out the

GEM master plan that called for pre-campaign
workshops to design campaign blueprints and to
organize their implementation. In three busy
years between 1988 and the inauguration of the
first campaign in 1991, the GEM community
organized and held three pre-campaign
workshops and carried out one pilot program.
The first pre-campaign workshops dealt with
magnetopause and boundary layer physics. One
was held on February 19 to 21, 1989 at the San
Diego Supercomputer Center in La Jolla,
California, with Maha Ashour-Abdalla the
primary organizer. This workshop established
the objectives and observational requirements of

.the Magnetopause/Boundary Layer Theory

Campaign. The proceedings of this workshop
were published in the GEM Report on the
Workshop on Magnetopause and Boundary
Layer Physics (1989).

A complementary pre-campaign workshop
to establish the objectives and needed theoretical
support for a corresponding Observational
Campaign was held eight months later, October
29 to 31, 1989, at the University of Maryland at
College Park with Ted Rosenberg, the primary
organizer. The proceedings of this workshop
were published in the GEM Report of the
Workshop on lonospheric Signatures of Cusp,
Magnetopause and Boundary Layer Processes.
This workshop addressed the challenging
problem of inferring on the basis of observations
made primarily from the ground - NSF’s
traditional purview - the nature, structure, and
behavior of processes occurring at the
magnetopause 100,000 km away. More
specifically, its job was to devise a plan to
identify and interpret such processes from their
ionospheric signatures measurable from the
ground. To test the basic premise of the plan —
that such measurements are possible — it carried
out a pilot campaign to intercalibrate ground-
based photometer and radar data taken of a pre-
selected targeted area of the ionosphere with data
taken concurrently by overflying satellites.

The results of the pilot campaign, which
successfully demonstrated proof of concept, were
reported at the third of the mentioned pre-
campaign workshops, which was held a year later
at Northeastern University's Henderson House,



Weston, Massachusetts, with Nancy Crooker the
primary organizer. The proceedings of this
workshop were published in the GEM Workshop
Report on Intercalibrating Cusp Signatures
(1990). Together the three workshop reports
constitute a veritable compendium of information
on the state of understanding around 1990 of
cusp, magnetopause, and boundary layer
structure and processes.

After three years of intensive preparation,
the GEM program was now ready for its first real
campaign.

2.2 The First Two GEM Campaigns

Despite its long gestation the GEM program
did not appear strong and healthy when the first
awardees were announced in the summer of
1991. Funds were limited and the awardees few
in number. It was clear that the program would
have to leverage existing programs to succeed.
The first gathering of the nascent GEM
community took place at UCLA on September
23-25, 1991 and gradually the form of the
program took shape. An annual meeting was
deemed essential. The resulting June meeting in
Snowmass, Colorado has become the central
pillar of the GEM effort. Table 1 lists the dates
of these meetings. Some groups needed to meet
more often.  Generally the venue at these
auxiliary meetings has been the day prior to the
fal AGU meeting in San Francisco but
occasionally other sites and dates have proven
necessary.

Although the kickoff meeting at UCLA
breathed life into the program, GEM did not take
its first significant steps until its summer meeting
in June 1992. The first three days of the meeting
were devoted to the Boundary Layer Campaign
and the second two days to forming a community
consensus on the outstanding questions
concerning the physics of the tail and substorms
that stood in the way of the development of a
General Geospace Circulation Model.  This
portion of the workshop produced a report
entitled “Outstanding Questions in Geotail and
Substorm Physics.” The Boundary Layer
Campaign organized its activities around the
three working groups that are listed in Table 2.

Reports from each of these working groups can
be found later in this report. Working Group |
on Boundary Magnetic and Electric Fields was
initially chaired by O. de la Beaujardiere and L.
R. Lyons but, when de la Beaujardiére accepted
the job as NSF’s director of the magnetospheric
physics program, she stepped down as chair of
WGI.

Table 1. The Summer Workshops

Campaigns
Year Dates 1 2 3 GGCM

1992 June 29 - July 3
1993 June 28 - July 2
1994 June 27 - July 1
1995 June 26 - June 30
1996 June 24 - June 28
1997 June 16 - June 20
1998 June 15 - June 19 -
1999 June 21 - June 25 -

® 06 06 & 0 O
® & 6 &6 06 6 O O
® ® O O
® & 6 ® O O O

© = Planning Activity
¢ = Campaign Underway

Table 2. Boundary Layer Campaign

WG Topic Conveners Term

1 Boundary O. de 1a Beaujardiere 1992-1994
Magnetic & L. Lyons 1992-1997
Electric Fields N. Maynard 1994-1997

2 Particle Entry, P. Newell 1992-1994
Boundary M. Ashour-Abdalla  1992-1993
Structure L.C. Lee 1993-1997

& Transport  C. T. Russell 1994-1997

3 Current R. Lysak 1992-1994
Systems C. T. Russell 1992-1994

& Mapping  N. U. Crooker 1994-1997

E. Friis-Christensen  1994-1997

Working Group 2 on Particle Entry,
Boundary Structure and Transport was initially
chaired by M. Ashour-Abdalla and P. T. Newell.
Abdalla stepped down in 1993 to be replaced by
L. C. Lee. Newell asked to be replaced in 1994
and C. T. Russell took his place. The third
working group covered Current Systems and
Mapping. Initially this working group was led by
R. Lysak and C. T. Russell but when C. T.



Russell was asked to become chair of WG2 in
1994, N. U. Crooker and E. Friis-Christensen
took the reins.

The Magnetotail/Substorms Campaign had
one last planning session at the 1993 Snowmass
meeting  examining  strategies for  the
Magnetotail/Substorms Campaign. The 1993
meeting was otherwise much the same in
structure as the 1992 meeting but the General
Geospace Circulation Model specification effort
under G. L. Siscoe and J. A. Fedder was granted
working group status and they held sessions
overlaid on the other activities.

In 1994 the Snowmass meeting was divided
essentially into three sections the Boundary
Layer Campaign on the Monday and Tuesday,
the General Geospace Circulation Modeling
effort on Wednesday and the
Magnetotail/Substorms effort on Thursday and
Friday. This latter campaign like the Boundary
Layer Campaign divided itself into three working
groups as shown in Table 3. This structure lasted
until 1997 at which time the
Magnetotail/Substorms Campaign restructured
itself. Reports on these activities are presented
below.

Table 3. Magnetotail/Substorms Campaign

WG Topic Conveners  Term

1 Timing of Substorm
Signatures

N. Maynard 1994-1997
L.Lyons 1994-1997

2 Substorm Phenomenology, H. Spence 1994-1997
Observational Models T. Onsager 1994-1997

3 Quantitative Magnetotail M. Hesse 1994-1997
Models W. Lotko  1994-1997

The fabric of the GEM campaign and the
essentials of the summer meeting remained
unchanged through 1995 and 1996. In 1997 it
was decided to wind down the Boundary Layer
Campaign and transition to a new Inner
Magnetosphere and Storms Campaign. This
campaign met that year to begin to develop its
strategy. In 1997 the original leaders of the
GGCM Working Group retired and the GGCM
effort was reformulated as a campaign under R.
A. Wolf and M. Hesse and, following other

campaigns, it divided itself into working groups:
the spine under J. Raeder and F. Toffoletto; and
the module under P. Pritchett and J. Birn. A brief
overview of the plans of this campaign is given
in section 5. The GGCM effort continued
generally as before. Additionally this year, the
Substorm Campaign restructured itself with L. R.
Lyons assuming the helm as overall campaign
convener with three working groups covering
observations, quantitative models, and numerical
models as listed in Table 4.

Table 4. Restructured Magnetotail/Substorms Campaign

WG Topic Conveners Term
1 Observations M. B. Moldwin 1997-2000
S-I. Ohtani 1997-2000
2 Quantitative Tail & J. Drake 1997-2000
Substorm Models  J. Lyon 1997-2000
3 Substorm J. Raeder 1997-2000
Challenge N. Maynard  1997-2000

The task of organizing the meetings and
facilitating communication within the GEM
community fell on the shoulders of the GEM
coordinators who received small grants to
support student travel to the meeting and the
costs of organization. The initial meetings in
1991 and 1992 were organized by T. J.
Rosenberg and C. T. Russell. In 1993 Ted
Rosenberg took over the task of organizing the
meetings and C. T. Russell concentrated on the
newsletters and website. From 1995 to 1997 H.
Spence took over the meeting organization while
in 1998 J. Freeman took the reins.

Two major elements of the success of the
GEM program are the leadership provided by the
GEM steering committee and the support
provided by the directors of the magnetospheric
physics program at NSF. During the gestation
phase G. L. Siscoe led the GEM Steering
Committee. In 1991 W. Lotko took the helm to
be replaced in 1994 by W. J. Hughes. In 1997 R.
A. Wolf took over the reins. At NSF the program
began with T. E. Eastman in charge of the
magnetospheric physics program. Since this
program is staffed by a rotator at NSF, he was
soon replaced (1994) by Odile de la Beaujardiere.
She accepted a new position at NSF in 1996 and



R. M. Robinson took over as acting director. C.
R. Clauer then was appointed to the directorship
of the program only to be replaced in 1998 by K.
B. Baker. The disadvantage of the rotating
nature of the magnetospheric physics directorship
is that it necessitated so many changes but its
strength has been that it continually brought in
individuals who were practicing scientists, not
only familiar with GEM but also very dedicated
to 1t.

3. FIRST CAMPAIGN: THE BOUNDARY
LAYER

The Boundary Layer Campaign focused on
the interface between the solar wind and the
magnetosphere. It is across this region that all
energy from the solar wind must flow. At low
latitudes the magnetopause current layer is a clear
demarcation point for the study of the region
separating the boundary region into external and
internal layers. Figure 1 shows the
magnetopause current layer and a cutaway look
at the interior of the magnetosphere. While the
solar wind pressure shapes the magnetosphere,
the stresses on the magnetosphere due in part to
the interplanetary magnetic field do the work on
the magnetosphere that causes the plasma to
circulate. Field-aligned currents couple the outer
magnetosphere to the low latitude regions. Based
on this paradigm it was natural to divide the
Boundary Layer Campaign into three working
groups: Reconnection Electric Field and
Magnetopause Boundary Normal Magnetic Field;
Particle Entry, Boundary Layer Structure and
Mapping; and Current Systems and Mapping.
The first of these covers the driving magnetic and
electric fields and the resulting convection of the
plasma. The second covers the entry of mass into
the magnetosphere and the third how the stress is
transmitted to the ionosphere from the
magnetosphere. Reports on the activity of these
three working groups follow.

3.1 Reconnection Electric Field and
Magnetopause Boundary Magnetic Field

Introduction

Activities of this working group focused on
improving the understanding of the reconnection

interplanetary
Magnetic Field

Solar Wind
Magnetepause Current

Fig. 1. The configuration of the
magnetosphere showing the overall shape of
the magnetopause as governed by the solar
wind dynamic pressure and the interplanetary
magnetic field. The principal regions of the
magnetosphere are shown and a cutaway
indicates how the stresses in the outer
magnetosphere are linked to the ionosphere by
field-aligned currents.

electric field and the normal component of
magnetic field B across the magnetopause. The
normal component of B gives a mapping of the
interplanetary electric field to the magnetosphere
and the distribution of the normal component of
B over the magnetopause surface determines the
direction and magnitude of the convection
electric field throughout the open-field-line
portion of the magnetosphere. The convection
electric field extends across the magnetic
separatrix (the boundary between open and
closed magnetic field lines) to the closed-field
line region of the magnetosphere. At the
separatrix, the convection electric field is
associated with the transfer of magnetic flux,
plasma, and energy to and from the closed field
lines region, and the electric field at the
separatrix, in the frame of reference of the
separatrix, is referred to as the reconnection
electric field. The convection electric field maps
along magnetic field lines to the ionosphere,
where it can be measured via the two-
dimensional patterns of ionospheric convection.
Since magnetic field-aligned potential drops are
not large (generally =1 keV and essentially

always S10 keV) within the region of open
polar-cap field lines and at the separatrix,



ionospheric electric potentials give a good
measure of the potential distribution throughout
the open-field-line region of the magnetosphere.
Also, measurements of ionospheric convection
give measurements of the reconnection electric
field, provided the mapping of the separatrix to
the ionosphere can be identified.

This working group has emphasized
coordinated observational studies of the polar-
cap ionosphere using data from low-altitude polar
orbiting satellites and a large number of ground
instruments. This entailed working with a large
number of researchers from various institutions
throughout the national and international
scientific community. By doing this, we have
been able to leverage resources that have been
made available for a variety of national and
international projects as well as for GEM, and we
have been able to use extensive, coordinated data
sets from diverse sources. Projects have included
the development of techniques for identifying the
magnetic separatrix, evaluating flow across and
in the vicinity of the separatrix, and evaluating
flow patterns throughout the polar caps and their
relation to the separatrix and boundary layers, the
dependence the flow patterns on the
interplanetary magnetic field (IMF), and flow
pattern evolution in response to IMF changes.

Flow Across and in the Vicinity of Dayside
Separatrix

In order to use ionospheric observations to
measure the reconnection rate and to accurately
determine flow patterns within the polar-cap
region of open magnetic field lines, it is
necessary to identify the separatrix as mapped to
the ionosphere. In addition to using precipitating
particle data from polar-orbiting satellites, three
different approaches for identifying the separatrix
in the vicinity of the dayside cusp have been
evaluated and found to be useful. One technique
uses photometer data, which can be taken in
darkness near the cusp from Svalbard during
January. G. McHarg, J. Minow and R. Smith
showed that the cusp and its equatorward
boundary can be identified using a combination
of 5577 and 6300 A emission measurements.
With these wavelengths the average energy of
precipitating particles can be obtained, and the

cusp shows up as a distinct region of low average
energies and enhanced 6300 A emissions. A best
estimate of the location of the separatrix was
found to be ~ 60 km equatorward of the low-
latitude boundary of the cusp identified from
6300 A emissions.

The other two techniques for identifying the
separatrix employ the same radars that are used
to measure the flow. These are based on electron
densities and temperature measured with
incoherent scatter radars [Watermann et al.,
1994] and on the equatorward edge of the cusp as
determined from the returned signals of HF

-coherent scatter radars which have large spectral

widths within the cusp [Baker et al., 1995]. The
relationship between the optical and HF radar
identifications was addressed by Rodger et al.
[1995], Rodger and Pinnock [1997] and Rodger
[1998], and these identification were found to
agree to within ~100 km. The HF radars measure
in two-dimensions, allowing the orientation of
the separatrix to be determined, and Baker et al.
[1997] found that the orientation correlated well
with the IMF By. They were also able to
determine the total potential drop within the
field-of-view of the radar and found that it varies
from the majority of the total cross-polar-cap
potential drop to about half of the total potential
drop. G.T. Blanchard has recently found that the
separatrix near noon can be identified quite
accurately with incoherent scatter radar
measurements of E-region ionization after
corrections are made for photoionization, the
separatrix being quite well identified by the
poleward edge of E-region enhancements. These
identifications are now being combined with
radar flow measurements to statistically evaluate
the dayside reconnection rate as a function of
MLT and the IMF.

Variations in ionospheric currents and
densities near the dayside separatrix have been
found to be directly related to variations of the
IMF. Stauning et al. [1994] and Stauning [1994]
used  ground-based  measurements  from
Greenland to evaluate ionospheric currents in the
region poleward of the dayside separatrix. They
found a dramatic association between oscillations
in the IMF By component and the ground
magnetic H-component (which is a measure of



ionospheric currents) in the region of the cusp
(see example in Figure 2). These results show a
direct connection between the interplanetary
electric field and the polar-cap electric fields that
drive the ionospheric currents. The oscillations
were found to propagate poleward across the
polar cap from the magnetic separatrix and were
termed "poleward progressions.” The poleward
motion appears to result from the motion of the
IMF oscillations as they are carried across the
magnetosphere by the solar wind. These events
are found only for IMF Bz < 0 and have a
maximum occurrence rate near noon. Similar H-
component perturbations are also found when the
IMF Bz > 0, but the perturbations do not
propagate poleward. Relations between the
ionospheric Hall current and convection during
these events were considered by Clauer et al.
[1995], and Papitashvili et al. [1995] compared
the potential patterns during these events to
statistical potential patterns inferred from ground
magnetometer data. Rodger et al. [1994] found
that variations in reconnection and flow in the
vicinity of the dayside separatrix also affect the
formation and flow of patches of enhanced F-
region ionization that propagate from near the
dayside separatrix and propagate across the polar
cap. However, despite the existence of
significant variations in the rate of dayside
reconnection as a function of time and position
along the separatrix, reconnection has been
inferred to be a continuous process that extends
along the entire dayside portion of the separatrix
[Maynard et al, 1997].

Lu et al [1995a] studied convection and field-
aligned currents near the dayside separatrix and
found that the separatrix was located a few
degrees in latitude equatorward of the maximum
in dayside convection that is sometimes referred
to as the convection “throat”. They also found
regions of sunward flow within the equatorward
portion of the cusp that cannot be explained by
the curvature of flow that is associated with the
y-component of the IMF and that field-aligned
currents associated with the cusp and mantle are
on open field lines as expected if they are indeed
in the region of cusp/mantle particle
precipitation.

Greenland West Magnetometer Chain
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B
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Universal Time May 6, 1988
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Fig. 2. Example of poleward progressing
events in the geomagnetic H-component s
recorded at the Greenland West Coast chain
of magnetometers for 10-16 UT on May 35,
1988. IMF data from IMP-8 is also shown
(from Stauning et al. [1994]).

Incoherent-Scatter Radar Measurements of
Nightside Reconnection

Measurements of plasma flow across the
nightside separatrix require identification of this
boundary in the nightside ionosphere. This
boundary is generally believed to coincide with
an abrupt transition from soft polar-rain electron
precipitation to the much stronger and harder
electron precipitation associated with the plasma
sheet on closed magnetic field lines. Plasma
sheet precipitation causes enhanced auroral
emissions that can be measured with ground-
based photometers and enhanced electron
densities that can be measured with ground
incoherent-scatter radars. The study began by
examining auroral emissions near the separatrix
in three wavelengths, 6300 /0\, 5577 A, and 4861
A [Blanchard et al, 1995, 1997a].  The
meridional structure of these emission lines was
compared to the meridional structure of the
precipitating particle energy spectra measured by



the DMSP F9 satellite in close proximity to the
ground station making the auroral emission
measurements. It was shown that the signature
of the separatrix is most prominent in the 6300 A
emission. By parameterizing the 6300 A
emission intensity with a latitudinal step
function, it was found to be possible to determine
the latitude of the separatrix within 1.0° of
latitude, which approximately equals the
latitudinal resolution of the measurements.

The consistency between using 6300 A
emissions to identify the separatrix and the
separatrix inferred from radar measurements of a
decrease in ionospheric E region electron density
to below a specific level [de la Beaujardiere et
al.,, 1991] was then investigated. The 6300 A
emissions were measured at Sondrestrom in the
same meridian, as was the ionospheric electron
density with the Sondrestrom incoherent scatter
radar. It was found that the latitude of the
separatrix identified by these two independent
methods agrees to within 0.6° [Blanchard et al.,
1996].

Once the ability to locate the separatrix was
developed, the Sondrestrom Incoherent Scatter
Radar was used to measure ionospheric plasma
flow through the separatrix to determine the
reconnection rate [Blanchard et al., 1996]. It was
found that reconnection occurs at all magnetic
local times on the nightside; however, the
reconnection rate is largest near magnetic
midnight. The average reconnection rate as a
function of MLT (see Figure 3) is well fit by a
cosine-squared function shifted by 0.5 h toward
dusk. It was also found that the nightside
reconnection rate responds to the southward-
rectified interplanetary magnetic field (IMF) with
a delay of 72 min, which is the characteristic
ionospheric convection time across the polar cap.
Substorms were also found to have an effect on
the nightside reconnection [Blanchard et al,,
1997b].

Flow Patterns within the Polar Caps and Effects
of IMF Changes

Extensive use has been made of the
assimilative mapping of the ionospheric
electrodynamics (AMIE) procedure [Richmond,
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Fig. 3. Average reconnection electric field as
mapped to the ionosphere in 1-hr bins for all
levels of geomagnetic activity versus MLT.
The numbers above each error bar give the
number of measurements in each bin. Dashed
error bars give the standard deviation of the
measurements in each bin. Solid error bars
give the standard error of the mean in each
bin. (from Blanchard et al. [1996]).

1992]. This procedure uses a least-squares fit of
coefficients to observed data; each observation
being weighted by the inverse square of its
effective error. For GEM studies, large data sets
were obtaining data from polar magnetometer
stations, several coherent and incoherent scatter
radars, and low-altitude, polar-orbiting DMSP
spacecraft.

Knipp et al. [1993] used AMIE to study the
changes in convection over both polar caps
during a period of large, but slow, IMF variation
in a northward field and found important new
results. They found that the reversed convection,
(dusk-to-dawn electric fields near the center of
the polar cap) that is associated with northward
IMF, occurs when the IMF By > [Byl; whereas
dawn-to-dusk electric fields across the polar caps
were maintained when [Byl > Bz, even for Bz >

0. They also found that large values of Byl lead

to large cross-polar-cap potential drops of 80-100
keV for B; > 0, demonstrating that By is

important in determining the strength of
convection. Additionally, significant differences
in the simultaneous convection in the two polar-
caps were observed when the IMF was strongly
positive.  While such differences had been
inferred before from measurements of individual



polar caps, this was the first time such
differences were directly verified from
simultaneous observations of both polar caps.

Differences in convection between the polar
caps was found to extend to positive IMF B,
periods with Byl > B, by Lu et al. [1994].

Specifically, they found significantly larger
cross-polar cap potential differences in the
southern hemisphere than in the northern
hemisphere during a GEM campaign period of
January 27-19, 1992.
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Lu et al. [1995] used AMIE outputs for a
GEM campaign period of March 28-29, 1992 as
inputs to the NCAR thermosphere-ionosphere
general circulation in order to evaluate effects of
coupling between ionospheric convection and
electrodynamics and thermospheric dynamics.
They found that magnetospheric electrodynamic
energy goes mostly to Joule heating of the
thermosphere, with only a small amount (6%)
going to acceleration of thermospheric winds.
However, they also found that the thermospheric
winds can cause an ~25% reduction in Joule

Mar 17, 1995

Mar 18, 1995

Fig. 4. IMF from the WIND spacecraft showing southward (top left panels) and
northward (bottom left panels) turnings on March 17 and 18, 1995, respectively,
and convection responses based on AMIE. Potential patterns labeled *Steady”
show average patterns during the several minute periods of relatively steady
convection prior to the effects of the IMF turnings, which are estimated to have
contacted the magnetopause at 1554 UT on March 17 and 0820 UT on March 18.
Patterns labeled “Residual” are the AMIE patterns for the indicated UT’s after
subtraction of the preceding steady pattern. (based on Ridley et al. [1998]).



heating and in field-aligned currents that connect
the magnetosphere to the ionosphere. These
results suggest that while only a small fraction of
magnetospheric energy goes to neutral wind
acceleration, the neutral winds have significant
effects on magnetosphere-ionosphere coupling.
Ridley et al. [1998] examined AMIE potential
patterns for 65 well-defined IMF changes, such
as the negative to positive and positive to
negative changes shown in Figure 4. For each
case, they first evaluated the convection pattern
for the period of steady positive or negative IMF
that preceded the IMF change. The panels
labeled “steady” in Figure 4 show the strong
steady convection pattern that existed before the
northward turning of the IMF that occurred soon
after 07 UT on March 18, 1995 and the very
weak convection that existed before the
southward turning of -the IMF that occurred just
prior to 15 UT on March 17, 1995. Ridley et al.
then subtracted the “steady” pattern from ensuing
patterns and examined the differences, which
they referred to as “residuals”. This novel
approach very dramatically revealed how IMF
changes effect magnetospheric convection. As
seen by the residuals in Figure 4, the responses to
northward and southward changes in the IMF are
essentially the same, except for the sign of the
change in potential. The changes are very rapid,
the average time to initiation of a convection
change being ~10 min after the causative IMF
change is estimated to have contacted the dayside
magnetosphere  for both northward and
southward turnings. Ridley et al. found that the
entire polar cap responds together, and that the
average time for full reconfiguration of polar cap
convection is ~12 min which is only slightly
longer than the time scales of IMF turnings.
These new results should have important
consequences on our understanding of how the
electric field carried by the solar wind is
transmitted to the magnetosphere. However,
these results need to be reconciled with the
findings of Blanchard et al. [1996] that the
nightside reconnection rate responds to the
southward-rectified interplanetary magnetic field
(IMF) with a delay of 72 min. Such
reconciliation would be expected to be related to
the poleward and equatorward motions of the
nightside separatrix. This issue is an important
topic for the new M/I/C working group.
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The GEM Grand Challenge

As aresult of the successes of the GEM data
analysis studies and the maturity of
magnetospheric modeling techniques, it was
decided to use the GEM results to pursue
rigorous test of global models. One of the
projects pursued by WG1 of the Boundary Layer
Campaign was a construction of synoptic maps
of convective flows and particle regions within
the polar ionosphere for different orientations of
the IMF [Lyons et al., 1996]. In 1996, the GEM
steering committee recommended that these

synoptic maps be wused for model-data
comparisons to provide tests of model convection
patterns, convection strengths,  separatrix

locations, boundary layers, and currents. The
requested model-data comparison was viewed as
a challenge from the data analysis community to
the modeling community and became known as
the “Grand Challenge” [Lyons, 1998]. This
challenge lead to set of model-data comparison
papers that are being published together in the
Journal of Geophysical Research, and these
papers represent a major highlight of GEM-
motivated  collaborations  involving  the
international scientific community and both
modeling and data analysis studies.

It was decided to use observations from the
GEM interval of 27-29 January 1992, when four
polar-orbiting DMSP satellites were in operation.
The DMSP satellites measure both electric fields
and particle precipitation, so that use of data from
this period allowed more observational coverage
of the polar caps than is normally available.
Periods of relatively steady interplanetary
magnetic field (IMF) were then identified and
data were used from multiple satellite passes
during each period to obtain unprecedented two-
dimensional coverage. Four periods of relatively
steady IMF were selected. Two had large
negative By and moderately large negative Bz,

one having larger IBy | than the other. The third
interval had IMF conditions very similar to the
previous two intervals except for the crucial
difference that B; was positive. This interval
allowed us to consider directly the effects of the
sign of Bz. The final interval, had small IByI and

Bz > IByl. This interval gave information on the



northward-directed IMF conditions that lead to
sunward flow near the center of the polar cap.

Synoptic Space Weather Maps

Figure 5 shows maps of both polar caps for
the interval 01:15 UT +/- 170 minutes on 28
January. Particle and electric field data were
used from every DMSP pass during the interval,
the passes over the polar caps being indicated by
light-dashed lines in Figure 5. The heavy solid
curves in Figure S5 gives the location of the
separatrix  determined from the observed
boundaries between the plasma sheet and either
polar rain or the cusp. The spatial extent of the
region near noon where cusp/mantle ions were
detected is indicated in the figure. Since the cusp
and mantle form one continuous region of ions
extending from the dayside separatrix, no attempt
was made to separate the cusp from the mantle.
For this case, the open field line region was
approximately circular and centered near the
magnetic pole.

Tonospheric electric equipotentials obtained
from AMIE are also shown in Figure 5. The
distributions of height-integrated horizontal
ionospheric and field-aligned currents were also
available from this fitting procedure. The
equipotential contours show the overall pattern
expected for large negative IMF By conditions.
[n the southern hemisphere, a circular convection
cell is centered in the afternoon sector and
extends across the noon-midnight meridian, and a
"crescent-shaped"” cell is centered near 06 MLT.
In the northern hemisphere, a crescent-shaped
cell appears on the dusk side. However, the
dawn cell is far less circular than is the dusk cell
in the southern  hemisphere. This
interhemispherical asymmetry is consistent with
previous observations. The equipotentials in
Figure 5 cross the separatrix at all local times.
This indicates that, when averaged over the time
interval, reconnection occurred at all, or nearly
all, local times, and that the average reconnection
rate varied smoothly as a function of local time.

In Figure 5 a specific precipitation feature 1s
identified in the pre-noon sector as a “soft-
electron zone” (SEZ). SEZ precipitation lies
between the plasma sheet and the region of polar
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Fig. 5. Svnoptic spuce weather maps of the
polar caps for the time interval 01:15 UT +/-
170 min on 28 January obtained by drawing
smooth curves through the various boundaries
obtained from the indicated passes of the
DMSP spacecraft during the interval.  Light
dashed lines give the trajectories of all the
DMSP  passes within the interval, each
trajectory identified by the DMSP satellite
number and the UT at which it moved
poleward across 60° latitude. DMSP F{0 was
within the southern polar cap at the beginning
of this time interval (2225 UT), so that its
location at 2225 UT (s indicated. Solid curves
give equipotential contours at 10 kV intervals
obtained from AMIE for this interval. By, By,
and B, are the IMF components at the center
time of the interval. [Lyons et al., 1996].

rain. It is readily identifiable by a discontinuous
decrease in > | keV plasma sheet electrons that is
essentially the same as that observed at the
equatorward boundary of the cusp and it contains
pronounced spatial or temporal structure [Burch,
1968]. The SEZ shown here excludes the cusp
and mantle, which are identified separately, but
includes the low-lautude boundary layer (LLBL)
and dayside boundary plasma sheet (BPS).
Analysis of the data from this GEM period



suggests that, with the cusp and mantle excluded,
the SEZ is a continuous region lying between the
plasma sheet and polar rain Thus, it appears to
not be appropriate to separate the SEZ into LLBL
and BPS portions. The SEZ can appear at both
afternoon and morning local times and can
extend onto the nightside. Whether or not the
SEZ is entirely on open field lines has yet to be
definitively determined. The heavy dashed line in
Figure 5 indicates this uncertainty showing the
separatrix possibly lying on either side of the
SEZ. However, significant evidence exists that
the SEZ is at least partially on open field lines.

The larger Byl case showed potential

patterns and relative locations of boundaries
regions very similar to those for the previous
case. However, for this larger IByI situation, the
potential patterns within the circular cell are
more circular, particularly in the northern
hemisphere. The resulting difference in the flow
directs mantle plasma far -more towards the
afternoon side in the northern hemisphere and
towards the moming side in the southern
hemisphere. A shift of the region of open field
lines towards dusk in the northern hemisphere
and towards dawn in the southern hemisphere
was found to be more pronounced than for the
previous case.

The AMIE potential patterns for the case of
large Byl but positive Bz showed that circulation

is confined to higher latitudes for positive Bz
than for negdative B, and that the potential drop

across the polar cap is significantly lower in the
northern hemisphere only. The difference in the
potential drops across the polar caps obtained by
AMIE was 30 keV for this positive B interval,

and similarly large differences were found by Lu
et al. [1994] from instantaneous AMIE patterns
during this interval. Significantly less
equipotentials cross the separatrix for this
positive Bz interval than for the negative By

intervals, implying a significant reduction in the
average reconnection electric field. As compared
to the negative By cases, the positive Bz case
showed a several degree poleward displacement
of the dayside separatrix but little change in the
location of the nightside separatrix. We also
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obtained a significantly increased polar-cap
displacement toward the dusk in the northern
hemisphere and towards the dawn in the southern
hemisphere as compared to the negative By
cases. The cusp/mantle region was not strongly
affected by the sign of B5.

During the interval with Bz » [Byl, strong
(~500-1000 m/s) sunward flow was observed in
the northern hemisphere in the 06-12 MLT
region at latitudes above 85° and a well-defined
relation between flows and boundary layers over
the northern polar-cap was found. The overall
pattern is quite symmetric with respect to the

"noon-midnight meridian plane. In the polar cap

region of polar rain, sunward flow is observed on
the high-latitude dayside passes, whereas anti-
sunward flow was observed on the passes that
crossed the polar cap between 72° and 75°
latitude within a few hours of midnight.

Model Comparisons with Synoptic Maps

Five different models were run for the
intervals of relatively stable IMF described above
and the model potential patterns and separatrices
were compared with the respective synoptic map.
Each of the models was found to have individual
strengths and weakness, and areas where the
models comparisons will facilitate model
improvements were identified.

Model data comparisons were particularly
illuminating for the “Rice open magnetosphere
model”, which has the primary purpose of
calculating polar-cap potential patterns as a func-
tion of the IMF using a prescribed magnetopause
shape and physics-based prescription for the
magnetosheath flow and for the distribution of
the magnetic-field component normal to the mag-
netopause [Hill and Toffoletto, 1998]. It was
found that the model reproduced the observed
shape of the convection patterns very well.
However, the model was found to give regions of
open polar-cap field lines that are smaller than
observed. This discrepancy was found to increase
for increasingly northward IMF. This evaluation
of the model’s error in locating the separatrix
helped identify planned changes to the model that
ought to significantly improve the model’s ability



to evaluate the location of the separatrix.

Comparisons were also useful for the source
surface model [Peroomian et al., 1998], which is
also a prescribed magnetopause model with a
specified distribution of the magnetic-field
component normal to the magnetopause. This
model is particularly useful for studying the
effects of field-aligned currents, since they can be
added to the model with specific distributions.
The model was found to do a reasonably good
job of reproducing the polar-cap flow patterns. It
also reproduced the location of the nightside
separatrix quite well, though the strongly
northward IMF case was not considered. The
model, however, calculated a dayside separatrix
that was a few degrees in latitude too far
poleward. Incorporation of field-aligned currents
reduced, but did not remove, this discrepancy.
This current incorporation did, however,
demonstrate that field-aligned currents can have
significant effects on the location of the
separatrix. The model was also used to show that
a 9-14% penetration of the IMF across the
magnetopause can account for the observed
cross-polar cap potential drops

Results from two MHD models were
compared with the synoptic maps [Raeder et al.,
1998; Fedder et al., 1998]. Both models were
found to reproduce the ionospheric potential
patterns quite well. However, both models
obtained cross-polar cap potential drops that were
approximately a factor of two larger than was
observed, which lead to important considerations
of what in models may lead to this discrepancy.
Understanding of the causes of this discrepancy
could lead to important advances in our
quantitative  understanding of how the
interplanetary electric field is imparted to the
magnetosphere. It was interesting to find that the
two models obtained quite different locations for
the magnetic separatrix. The separatrix in the
Raeder et al. model agreed quite well with the
observations, though on the dayside the model
separatrix was a few degrees too far equatorward.
The separatrix obtained from the Fedder et al.
model was about as accurate as from the Raeder
et al. model on the dayside, but was at much too
high a latitude (~10° too high) on the nightside.
It is currently not know why the two MHD

models obtained such different results for the
location of the nightside separatrix; however
understanding of this difference could yield
valuable information on what are the important
factors in determining the separatrix location.

A fifth comparison used both an MHD-
based model and statistical potential patterns
obtained from ground-based magnetometers and
low altitude satellites [Winglee et al., 1997]. As
with the MHD models, this model predicted
cross-polar cap potential drops about a factor of
two larger than observed. Separatrix locations
had about the same accuracy as obtained with the
Raeder et al. model, but the modeled potential
patterns agreed less well with the observations
than did the other models.

Summary

WG1 made significant progress toward
accomplishing the goals of the GEM Boundary
Layer Campaign. Techniques for remotely
identifying the separatrix using ground-based
measurements have been developed for the
dayside and nightside and have been applied to
obtain important results on how reconnection
varies with MLT and the IMF. It was found that
convection throughout the polar-cap region of
open field lines responds quickly and directly to
IMF variations. This critical dynamic feature of
the magnetosphere needs to be understood
properly to model the magnetospheric response
to its solar wind energy source. Important new
information has also been found on the effects of
the IMF y- and z-components on magnetospheric
convection, on the relation of dayside field-
aligned currents and polar cap convection to the
separatrix and polar cap boundary layers, and on
energy input to the thermosphere.

The GEM Boundary Layer Campaign has
now been completed and WGI’s activities are
finished. One of the major accomplishments has
been a greatly increased cooperation between
ground-based and satellite observers on an
international level. The collaborative approach
used by WGI for the assimilation of a large-
amount of data from ground-based and low-
altitude satellite instrumentation is being carried
over to the newly formed Magnetosphere-



Ionosphere Coupling Working Group with the
goal of obtaining results that are of importance to
broader-scale magnetospheric problems and to
the ongoing GEM Magnetotail/Substorms and
Inner-Magnetosphere  Working Groups. GEM
successes have also helped to stimulate
enhancements of ground-based observing
networks within both the U.S. and international
communities. This will have a positive impact
on research well into the future. The Grand
Challenge comparison of large-scale
observational results with a number of models
has been highly illuminating, illustrating many of
the benefits and limitations of current models. It
has also had great value by enhancing the
cooperation between modelers and
experimentalists. This approach is being carried
forward in GEM to the Magnetotail/Substorms
Campaign by the identification of a limited
number of well-defined events and time periods
that have extensive ground and satellite data
coverage. This will provide large-scale
observational bases for testing of models and
theories for magnetotail and substorm dynamics.
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3.2 Particle Entry, Boundary
Structure and Transport

Layer

The first campaign of the GEM program
was devoted to understanding the coupling

between the solar wind and the magnetosphere as
manifested at the magnetopause, in the boundary
layers surrounding the magnetopause and in the
polar cusp. To address this problem in situ
observations both at high altitudes and low
altitudes, ground based measurements with
radars,  photometers = magnetometers  and
riometers as well as simulations and theory were
brought to bear. Much was learmned in the
campaign. The relative roles of reconnection and
diffusion in forming the boundary layers was
explored. An appreciation that there was an
exterior  boundary layer  outside the
magnetopause current layer as well as inside was
developed. The role of pressure pulses and
transient reconnection on the magnetopause was
examined as was the role of the foreshock in
causing each. The dispersion signatures in cusp
plasma was interpreted in terms of reconnection
with the solar wind and various transient
phenomena in the magnetosphere were identified
with both pressure and reconnection transients.
In the paragraphs below we expand upon these
topics.

Magnetospheric Transients

The outer regions of the magnetosphere are
visited by numerous compressional disturbances.
Various postulates have been made for such
disturbances from pressure pulses in the solar
wind, to pressure modulations due to the
foreshock and its variations to transient
reconnection. While this topic was the subject of
much debate over the last several years, we now
recognize that there are two distinct types of
transients in the outer magnetosphere. Pressure
fluctuations produce large-scale variations that
reach far into the magnetosphere. Transient
reconnection produces smaller scale fluctuations
that are largest at the magnetopause and that
decay in amplitude with distance from the
magnetopause. These phenomena co-exist and
are usually distinguishable.

Dayside Low-Latitude Boundary Layer

Prior to the GEM Boundary Layer Cam-
paign the paradigm for the formation of the low-
latitude boundary layer was that when the IMF
was northward, cross-field diffusion and



momentum-transfer-associated,  wave-induced
boundary motions produced the boundary layer.
When the IMF was southward, plasma entered
the magnetosphere through reconnection.
However, the BL Campaign clearly demonstrated
that reconnection plays a critical role for both
northward and southward IMF conditions with
high latitude entry for strongly northward IMF.
Cross-field diffusion and wave processes play at
most a minimal role in the entry of plasma in the
dayside boundary layer, although they may
modify the plasma within this region. Most of
the dayside LLBL is now believed to be on open
field lines for southward IMF.

Inner Magnetosheath Boundary Layer

Just as a boundary layer forms on the inside
of the magnetopause, another forms on the out-
side of the magnetopause, between it and the
magnetosheath flow. This boundary layer was
discovered well before the advent of the GEM
campaign and described in terms of the depletion
of magnetic flux tubes by a combination of
kicking (at the shock) and squeezing the particles
along the magnetic field away from the subsolar
region. One of the successes of the Boundary
Layer Campaign was the recasting of this theory
in terms of the MHD solution of the interaction
of a flow with an obstacle; thus, this layer is now
recognized to consist of a slow mode com-
pression of the plasma followed by a slow mode
rarefaction as the plasma expands as it flows
around the obstacle. When the magnetopause is
a reconnecting boundary, however, this slow
mode structure does not develop as such. Rather
any slow mode structure is enveloped in the
structure associated with the magnetopause itself.
Dayside Auroral Forms Associated with
Transient Reconnection

As the GEM program began interest was
strong in identifying the dayside auroral
manifestation of transient reconnection on the
magnetopause. Early attention focused on twin
convection vortices but these phenomena did not
seem to exhibit the intimate control by the IMF
associated with reconnection induced
phenomena. Rather poleward moving auroral
forms (PMAFs) seemed to be the low altitude
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manifestation of high altitude reconnection. As
illustrated in Figure 6, these auroral features
move poleward out of the dayside oval with a
temporal spacing very similar to that of flux
transfer events. Like FTEs they occur
predominantly for southward IMF conditions.
Nevertheless some controversy still exists on the
source of both PMAFs and TCVs, and work still
needs to be done in this area.

Cross-Scale Coupling at the Magnetopause

The role of microprocesses is a major
unresolved  problem for the  dayside

-magnetopause. With the lack of a well-identified

dissipation mechanism, macroscale modelers
often assume resistivity to provide the necessary
dissipation for reconnection. The majority in the
community assume that whatever dissipation is
required by the magnetic reconnection will
ultimately be provided, say by the thinning of
current sheets until the current can no longer be
carried. Nevertheless an intrepid few have
persisted in determining how this dissipation is
provided using theoretical techniques, numerical
simulations and observations. The working group
has fostered and encouraged such efforts but
there is still much to be done in this area.

Flux Transfer Events

When the interplanetary field is southward, a
very particular disturbance of the magnetopause
is found in which the magnetic field has an
outward then inward-pointing magnetic field or
vice versa for about 30s. This repeats about
every eight minutes. While these disturbances
cause the magnetopause to move, they are not
simply due to a motion of the magnetopause.
Rather they appear to be a bundle of magnetic
flux that has become reconnected as illustrated in
Figure 7. Examination of the plasma and field
data clearly reveal a core in which magnetosheath
and magnetospheric plasma are mixed and a
draped field region of either magnetospheric
plasma or magnetosheath plasma in which the
magnetic field has clearly been bent or draped
around the elongated tube. Flux transfer events
occur over the entire magnetopause and are not
correlated with the location of the upstream
waves or quasi-parallel shock.



