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Abstract

In 1961, James W. Dungey published a remarkable two-paged paper in Physics Review
Letters that revolutionized our understanding of the Earth’s magnetosphere. In it, he used his concept of
“magnetic reconnection” to introduce the open magnetosphere model. Dungey died in 2015, but his
idea does a great deal more than just live on in the literature. At the same time as making sense of the
magnetosphere, it has established key applications in astrophysics, planetary physics, solar and heliospheric
physics, and fusion energy research—in fact, any area involving ionized gases threaded by magnetic ﬁelds. It
is now the basis of our understanding and prediction of space weather phenomena.
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Jim Dungey’s seminal paper [Dungey, 1961] arose when he considered the origins of the known system of
ionospheric currents detected using high-latitude magnetometers. He had been steered toward this work
by his PhD supervisor at Cambridge, Fred Hoyle, after Hoyle examined Ron Giovanelli’s DSc thesis in
Sydney, Australia—a thesis that contained the concept of magnetic nulls acting to power solar ﬂares
[Giovanelli, 1948]. Hoyle had wondered if some such mechanism could power Earth’s aurora [Cowley,
2016]. Dungey would later recall that he initially came to the conclusion that Hoyle’s idea could not work,
and, with considerable trepidation, he cycled to an appointment to tell him so. But Hoyle kept him waiting
and, sitting in the corridor outside Hoyle’s ofﬁce, Jim lost his nerve and decided he ought to go away and
think about it bit more! He did so and he made it work, as he explained in his PhD thesis [Dungey, 1950].
However, the conclusions from that thesis were initially rejected for publication and did not appear until
three years later and then only in part [Dungey, 1953]. It was not until his two-paged 1961 paper, with its clear
and simple schematic of the magnetosphere, that the power of his ideas began to be recognized. That schematic had been included in his PhD thesis, but Dungey decided to wait for data that could support it before
trying to publish: his 1961 paper was triggered by his realization that the polar ionospheric currents were a
signature of magnetospheric circulation (later called “convection”) and provided the evidence that he had
been searching for [Dungey, 1983].
The key element that Dungey brought to the magnetic nulls concept was that sheared magnetic ﬁeld lines
could reconﬁgure to thread the current sheet separating them [e.g., Hughes, 1995, Figure 9.12; Cassak,
2016, Figure 1]—a process that in 1958 he termed “magnetic reconnection.” In the case of the magnetosphere, this meant that reconnected (“open”) magnetic ﬁeld lines could thread its outer boundary (the
magnetopause) and so connect the geomagnetic ﬁeld to the interplanetary magnetic ﬁeld (IMF), allowing
energy, mass, and momentum to be transferred from the solar wind into the magnetosphere and thence
down into the ionosphere and thermosphere. Dungey’s paper described what came to be called the “open
magnetosphere model” and only shortly preceded the advent of in-situ measurements by spacecraft. As
more and more space data were accrued, the longer the list grew of features of magnetospheric and ionospheric structure and behavior that were elegantly explained by his idea [Cowley et al., 2015].
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What had initially worried Dungey was that magnetic reconnection appeared to violate Lenz’s law. Because
this objection was subsequently raised by others a great many times, it is worth some discussion. Lenz’s law is
not a fundamental law of physics, rather it is something that can be derived from fundamental laws for speciﬁed situations. For example, it can be derived from Faraday’s law; indeed it can be regarded as being the
minus sign in Faraday’s law. In integral form, Faraday’s law is dΦ/dt = ∫CE · dl, where E is the electric ﬁeld,
dl is an element of length along a closed loop C, and Φ is the magnetic ﬂux threading C. Unlike rigid circuits,
it can be difﬁcult in a magnetoplasma to deﬁne E correctly at all points on a given loop and for a given dΦ/dt;
thus, mistakes have been made that yield false violations [see Owen and Cowley, 1991; Lockwood and Davis,
1999]. In other contexts, Lenz’s law can be seen as a manifestation of conservation of energy. Again, application of the general law, which is Poynting’s theorem, shows that it is fully compatible with magnetic reconnection [Lockwood and Davis, 1999]. Indeed, conservation of energy (and mass) along with application of
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Faraday’s law is the basis for theoretical estimation of reconnection rate. The key point is that reconnection
obeys both the more general laws, and so any apparent violations of the derived law (Lenz’s) can only
mean that it has been applied incorrectly. Debates of this kind meant that magnetic reconnection was not
universally accepted for many years even though its predictive power had been demonstrated a great many
times. This was something that Jim found somewhat bafﬂing and bewildering [Dungey, 1994].
A search of Web of Science for the topic “magnetic reconnection” (conducted in June 2016) yielded over
23,000 journal articles, which have amassed almost a third of a million citations. These are certainly minimum
estimates as many papers relying on the concept will have been missed (for example, the ﬁrst listed paper is
not until 1973) and papers that used alternative names such as “merging” will also not be included. A new
PhD student who starts a literature survey from Dungey’s, 1961 paper may get the impression that Dungey
got lucky with a two-paged paper containing some speculation and a couple of cartoons that happened
to be right. This would be completely incorrect: those cartoons were the product of a decade and a half of
study and thought [Dungey, 1983], some of it detailed in the book he wrote in that time [Dungey, 1958]. Of
course there were also very important theoretical advances to follow, notably Harry Petschek’s addition of
shocks standing in the inﬂow regions that explained how reconnection rates can be large enough to be
signiﬁcant [Petschek, 1964]. (We now know that this can be achieved by Alfvén waves and that a variety of
magnetohydrodynamic structures can be present between the reconnection inﬂow and outﬂow regions).
Dungey himself, being a true scientist, initially treated his own idea with all due skepticism. I was very lucky to
often enjoy his company for an early evening drink (or two) in the Queen’s Arms—a small and very English
public house in the mews over the road from Imperial College London. One such evening he told me he only
started to be sure that reconnection was an accurate description with real predictive power (i.e., a valuable
scientiﬁc theory) when spacecraft data started to show that disturbance phenomena in the magnetosphere
were all enhanced when the IMF pointed southward [Fairﬁeld and Cahill, 1966; Arnoldy, 1971]. The ﬁrst key
veriﬁcation came from Don Fairﬁeld who worked with Cahill’s Explorer 12 magnetometer data on the advice
of Dungey, who was his PhD supervisor at Pennsylvania State University [see Dungey, 1994]. The southward
IMF orientation gives large magnetic shear across the dayside magnetopause which allows reconnection
there to generate open ﬁeld lines rapidly. Today, this remains a key implication of Dungey’s work as it provides a means to both understand and predict space weather.
Space weather phenomena are primarily driven by or modulated by Dungey’s concept of magnetic reconnection [Eastwood, 2008; Cassak, 2016]. Resulting currents in the ionospheric E layer deposit solar wind
energy in the thermosphere by Joule heating, as do the associated convection plasma ﬂows in the overlying
ionospheric F layer via ion-neutral frictional heating. This heating is strongest in the auroral ovals and differences between the reconnection rates at the dayside magnetopause and in Earth’s magnetotail tail drive the
substorm cycles of energy storage and deposition which launch global perturbations to thermospheric densities, winds, and temperatures [Fujiwara et al., 1996; McGranaghan et al., 2014; Emmert, 2015]. These effects
inﬂuence the orbital decay of satellites and space junk [Doornbos and Klinkrad, 2006], with implications for
mission planning, deorbiting of satellites, and for the detection of over-the-horizon (OTH) radar targets
against the background noise of echoes from satellites and space debris. Pulses in magnetopause reconnection rate produce dense “patches” in the polar cap F region [Lockwood and Carlson, 1992] which inﬂuence
satellite communications [Wang et al., 2016], GPS navigation systems [Kintner et al., 2007], and OTH radar
echo location [Wheadon et al., 1994].
The energy transferred into the magnetosphere by magnetic reconnection drives geomagnetic storms, during which the most rapid variations in the geomagnetic ﬁeld cause strong geomagnetically induced currents
that can degrade and damage power grids [Kappenman, 2005], enhance corrosion of oil and gas pipelines
[Viljanen et al., 2006], and cause errors in magnetic guidance systems, such as those needed for safe oil
and gas borehole drilling [Edvardsen et al., 2013]. Magnetic reconnection also controls the near-Earth energetic particle environment within which most satellites, astronauts and aircraft operate: it is central to the
occurrence of solar ﬂares and the release of coronal mass ejections (CMEs), and the shock fronts ahead of
both these phenomena accelerate bursts of solar energetic particles [Reames, 2002] that are damaging to
both electronics systems and living organisms. Magnetic reconnection also determines both the emergence
and loss of open solar magnetic ﬂux [Owens and Lockwood, 2012], which modulates the galactic cosmic ray
ﬂux reaching Earth [Rouillard and Lockwood, 2004]. The reconnection-driven substorm cycles and steady
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convection events inject energetic
particle ﬂuxes into the magnetospheric ring current [Reeves, 2003].
Energetic particles can cause satellite
anomalies and failures [Baker, 2000]
and have major implications for the
design of aircraft avionics and the
working radiation environment of
aircraft crews [Jones et al., 2005] and
astronauts [Lockwood and Hapgood,
2007]. Furthermore, application of
the open magnetosphere model has
allowed us to understand and reconstruct past space climate [Lockwood,
2013] and hence to start to predict
its future [Barnard et al., 2011].
A new paper by Lockwood et al.
[2016] studies the nature and origin
of the most “geoeffective” IMF orientations that yield the largest terrestrial disturbances and the greatest
space weather effects. The paper
Figure 1. James W. Dungey (1923–2015) holding aloft a weather vane given demonstrates that a key factor is the
to him by colleagues on his retirement in 1985. The vane is in the form of the persistence of the southward IMF, a
famous schematic in his 1961 paper which introduced the concepts of
factor that depends on the nature of
magnetic reconnection and the open magnetosphere: a paper which is now
the scientiﬁc underpinning of our understanding of how solar wind energy, the solar wind impinging upon the
Earth. It is further shown that
mass, and momentum enter Earth’s magnetosphere and drive space
weather effects. Image credit: W.J. Hughes.
the overall occurrence of strongly
southward IMF in hourly averages is,
somewhat surprisingly, roughly the same within CME events, around stream-stream interaction regions
and during intervals of quiet solar wind. What makes CMEs a dominant driver of severe space weather is that
they can provide an IMF that remains pointing strongly southward over a prolonged interval. Lockwood et al.
[2016] also investigate the relative roles of the two main causes of a geoeffective IMF: geometric effects (that
vary with time of day and the position of Earth in its orbit because they depend on the orientation of Earth’s
magnetic axis) and an out-of-ecliptic IMF (that is either launched from the solar atmosphere or generated in
interplanetary space by stream-stream interactions in the solar wind). The geometric effects cause the wellknown semiannual variation in the occurrence of space weather storms, but the study shows that this factor
is increasingly less important for larger storms that are driven by strong and persistent out-of-ecliptic IMF and
that show a weaker semiannual variation. None of this understanding could have been gained without
Dungey’s seminal insight, which is increasingly helping us to predict space weather and understand the full
extent of potential effects in “worst-case” scenarios.
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Jim Dungey died on 9 May 2015 at the age of 92 [Southwood, 2015, 2016]. The attached photograph of him
was taken in 1985 by his former student Jeff Hughes at Jim’s home by the Suffolk coast, as part of the celebration of his career at his retirement. He is holding aloft a weather vane that had been commissioned and
presented to him by Jeff on behalf of his colleagues (Figure 1). It is in the form of the famous schematic of his
open magnetosphere from which so much understanding of space weather has ﬂowed.
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