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Abstract: This paper discusses the strategic importance of contemporary ionospheric science. It
outlines some key features of the evolution of the science from the first practical experiments in the
1920s through to the diverse inter-disciplinary science of today. This science includes fundamental
studies of partially ionised plasmas and of the complex systems that arise when those plasmas are
coupled to neutral atmospheres and magnetospheres. However, the science also has great potential
to deliver societal benefits if the science can be refined to obtain a deep physical understanding of
ionospheric phenomena and that understanding is then transitioned into use by operational services
such as forecasts of ionospheric conditions. Thus, ionospheric science is now very similar in form
to other environment sciences and, the same as them, needs to be positioned in a diverse scientific
culture that supports the full range of science research, including not only curiosity-driven studies,
but also targeted research to deepen our physical understanding to a level that is sufficient to enable
a transition to operational services. That diversity also includes support for that transition and also
facilitates feedback from operations teams to researchers. Such feedback can be a powerful stimulus
for future research.

Keywords: ionosphere; partially ionised plasmas; discovery science; curiosity-driven science; tar-
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1. Introduction

Ionospheric science has a long history of achievement going back almost a century. It
has its practical roots in the 1920s when the first wave of great developments in electronics,
in particular the triode valve, enabled radio measurements of conditions in Earth’s upper
atmosphere. Its evolution in the following decades was often linked to astronomy and
space science as the exploration of the upper atmosphere was then considered part of
astronomy, for example being discussed in popular astronomy textbooks published in
Mid-20th Century, e.g., see [1].

However, in the later decades of the 20th Century, those links became more diffuse as
ionospheric science matured and became more inter-disciplinary. For example, the polar
ionosphere became a major focus from the 1970s onwards, reflecting both (a) the growing
scientific interest in the coupling between the ionosphere and the magnetosphere and (b)
the improvements in Arctic and Antarctic transport, communications, and energy infras-
tructures that facilitated the deployment of advanced instruments in those regions, e.g., the
European Incoherent Scatter (EISCAT) radars first deployed in Northern Scandinavia [2]
and later in Svalbard [3]. Another, very different, example was the application of iono-
spheric science to study radio propagation through the ionosphere. Originally focused on
high-frequency (HF) radio communications, this expanded greatly from the 1960s onwards
with the development of radio-frequency systems for a wide range of satellite and ground-
based applications [4,5]. A further example, becoming more significant towards the end
of the 20th Century, was the scientific interest in coupling between the lower atmosphere
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and the ionosphere. This “vertical coupling” is now recognised as an important source of
day-to-day variability in the ionosphere and is a major research topic that links ionospheric
science to atmospheric science. Its importance to modern science may be summed up in a
phrase from the late Georg Witt [6], who, at a 2008 workshop, emphasised to us all that
“The atmosphere is one system”.

This evolution of ionospheric studies into an interdisciplinary science, with strong
links both to other science disciplines and to radio system engineering, has led to a wealth of
excellence, both in research and in the application of that research to the benefit of societies
around the world. However, it has also led to misunderstandings in other parts of the
scientific community where it has been considered that it is now time for ionospheric, and
other space weather studies to be focused on applications, e.g., see the recent discussion
by Lugaz et al. [7]. This paper addresses that misunderstanding. The paper has three
main sections. Section 2 sets the scene by outlining how ionospheric science developed in
the early 20th Century and also developed links with both the applications community
and the astronomy community. This is followed in Section 3 by a short review of some
current key issues in ionospheric science showing how it has matured into a highly inter-
disciplinary topic that is best considered as a branch of the environmental sciences. Section 4
then shows how, as with other environment sciences, ionospheric science needs to be
positioned in a scientific culture that supports a diversity of approaches to research, a mix
of curiosity-driven studies to address the fundamental understanding of a complex natural
system, targeted research to develop a deep understanding of environmental conditions
that have profound impacts on human societies, and effective mechanisms to support the
transition of research outputs into operational services that help to manage our responses
to those conditions. These three sections are followed by a summary that highlights the
key conclusions of the paper.

2. Historical Background

Modern ionospheric science has advanced greatly since the first suggestion of the
existence of the ionosphere by Heaviside in 1902 [8] and the pioneering work of key figures
such as Appleton (e.g., see [9]) and Breit and Tuve (e.g., see [10]). It advanced greatly
in the Mid-Twentieth Century through both theoretical advances such as Bate’s work on
dissociative recombination [11] and the wider understanding of the upper atmosphere that
came from early satellite missions. Those advances continued through to the end of that
century and into the new one, with many advances in understanding ionospheric storms
and irregularities, and in particular much focus on the high-latitude ionosphere.

As noted above, these scientific advances have always had a strong link with the radio
applications community because of the practical importance of trans-ionospheric radio
links whose propagation varies with the conditions in the ionosphere. This first came to
prominence in the 1920s as high-frequency (HF) radio became the primary means of long-
distance radio communications [12]. HF superseded the low-frequency systems (typically a
few 10s of kHz) deployed earlier in the 20th Century, e.g., the Franco-American Bordeaux–
Lafayette system, which operated at 15 kHz [13]. HF provided much more bandwidth,
thereby facilitating more sophisticated services, not the least of which was human voice
rather than Morse code. However, it was quickly recognised that HF signals could be
severely disturbed by space weather events such as magnetic storms [14,15] and solar
flares [16]. Thus, ionospheric science was from the outset a topic where there was a strong
link between the applications community and wider research into the behaviour of the Sun
and its impact on Earth. Many leading astronomers welcomed ionospheric observations as
a complement to other methods of studying the Sun. For example, Harold Newton, the
leading solar astronomer at Greenwich Observatory in the UK [17–21], exploited several
mid-latitude ionospheric effects that are indicators of solar flares: both HF blackout that
occurs when solar X-rays enhance the D region and the magnetic crochets that occur when
the solar Lyman-alpha enhances E region conductivity.



Atmosphere 2022, 13, 394 3 of 11

Thus, from the 1930s onwards, ionospheric science was seen as an area where there
was synergy between research and applications and that there was a need for operational
capabilities that could monitor and forecast ionospheric conditions. For example, whilst
telephone services between the UK and USA were first introduced in 1927 using low-
frequency (60 kHz) links, they were quickly complemented in the following year by services
using HF links [22]. However, these links were subject to disruption during intense
geomagnetic storms such as that in January 1938 [23,24]. Ionospheric studies became
very important during the Second World War with all participants using HF as a key
communications technique wherever and whenever land lines were not available. Thus,
they continued ionospheric research together with operational monitoring, sometimes
making great efforts to deploy monitoring instruments in strategic locations, e.g., the
British deployment of ionosondes on the harsh and disputed islands of Svalbard in the
High Arctic [25].

After that war, HF continued to be a mainstay of long-distance communications, but
was gradually complemented by other systems. For example, the 1950s and 1960s saw
extensive deployment of undersea coaxial cables capable of carrying multiple telephone
circuits, thus removing a vulnerability to ionospheric effects (this technology was in turn
superseded by the undersea optical fibre cables that now carry 99% of transoceanic tele-
phone and Internet communications). Another example of technological progress has been
the development of satellite communications from the 1960s onwards—both as a direct
means of communications and as support for satellite applications such as navigation,
remote sensing, etc. However, all communications links between satellites and ground
stations must cross the ionosphere, and thus, the same as HF, may be subject to disruption
by space weather effects in the ionosphere. This applies to all frequencies from very high
frequency (VHF) to S-band, thus covering a wide range of satellite applications, today
including L-band satcom, GNSS, etc. In addition, radio signals working at these frequencies
are widely used for satellite tracking by ground-based radars and for active and passive
observations of Earth’s surface using satellite-based sensors.

3. Where Are We Today?

Today, there are continuing strong links between ionospheric science and the appli-
cations community. These include key physics challenges (a) to understand the spatial
and temporal morphology of the ionosphere and thus how this slows and refracts radio
signals as they pass through the ionosphere and (b) to understand the properties, and
generation of, ionospheric irregularities that can diffract and scatter radio signals, leading
to unexpected variations in the signal phase and amplitude. However, we must recognise
that these challenges overlap with other challenges that arise from curiosity-driven research
and from links with other scientific disciplines, such as:

1. The role of the high-latitude ionosphere as an image of magnetospheric dynam-
ics—and hence the value of observations of that region as a means of studying
magnetospheric dynamics. The high-latitude ionosphere is strongly coupled to the
magnetosphere via the magnetic field lines that thread both regions, e.g., the flow
of plasma in the high-latitude ionosphere is largely driven by magnetospheric elec-
tric fields, which are in turn driven by the flow of momentum from the solar wind
into the magnetosphere. These flow patterns were first recognised over sixty years
ago [26], and our understanding has gradually been refined over the years as ad-
vanced ionospheric instruments have been deployed in the Arctic and Antarctic (for
example, see [2,27,28]) and as a range of space missions, such as Cluster and THEMIS,
have provided new insights into magnetosphere–ionosphere coupling (for example,
see [29,30]). However, we are still learning as there is much more to understand
about the wide range of physics at work in the high-latitude ionosphere. Thus, new
instruments are being developed such as the EISCAT_3D radar [31], which will en-
able simultaneous measurements across a large volume of the polar ionosphere. In
addition, old techniques are being enhanced—such as the use of sounding rockets
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to observe the small-scale plasma physics (e.g., see [32]). Note that sounding rock-
ets are vastly superior to satellites for this purpose as they can have a low velocity
(100–200 m s−1) across the magnetic field lines, and hence better resolution of plasma
structures, compared to satellites, which must necessarily cross magnetic field lines
much faster, typically 7 km s−1;

2. The weak coupling between the F-region ionosphere and the upper thermosphere.
This is a critical scientific challenge as these two elements of the upper atmosphere
co-exist in the same physical space, roughly 150 km to 500 km altitude. However,
the thermosphere behaves as a fluid (as the mean free path of neutrals is less than
a scale height), whilst the F-region ionosphere behaves as a collisionless plasma
(as the ion-neutral collision frequency is less than the ion-gyrofrequency at these
altitudes). The two elements are weakly coupled via ion-neutral collisions, which
facilitate momentum transfers, leading to a variety of interesting effects including (a)
vertical flows of F-region plasma driven by thermospheric winds at mid- and low-
latitudes (for example, see [33]) and (b) equatorward thermospheric winds around
local midnight at high latitudes as a result of solar-wind-driven ionospheric flows
from the dayside to the nightside (for example, see [34]). Many features arising from
this coupling are understood, but there is a critical underlying issue that follows from
the existence of such features. Namely, we cannot fully understand the behaviour of
the ionosphere without also understanding the behaviour of the thermosphere, how
it is driven by flows of energy and matter, both from above (e.g., extreme ultra-violet
(EUV) radiation from the Sun, electric fields and currents from the magnetosphere)
and from below (e.g., gravity waves from convective activity in the troposphere,
upflows of molecular species from the mesosphere and lower thermosphere). These
flows and their importance for observing and modelling the thermosphere remain an
important area of study, for example as discussed by [35];

3. Ionospheres are ubiquitous across the universe. It is important to recognise that
the co-existence of ionised (plasma) and neutral (fluid) components within the same
atmosphere is a common feature of many astrophysical environments across the solar
system and across the wider universe. Earth’s upper atmosphere is simply the most
accessible example of this type of environment and one where the presence of a sig-
nificant magnetic field enriches the range of plasma behaviours in that environment.
Thus, our understanding of Earth’s ionosphere provides insights that can be of value
for the fundamental understanding of partially ionised plasmas throughout the uni-
verse. A straightforward example has been the application of ionospheric expertise to
improve our understanding of Mars’ ionosphere. We now have a wealth of data from
missions such as Mars Express and MAVEN and a good initial understanding of the
ionosphere and other plasma environments of the Red Planet, enough to recognise
that there is still much to learn [36]. However, this is just a second example (after
Earth); there is considerable scope for novel research on ionospheres elsewhere in the
solar system (around other planets, around comets, and in the solar chromosphere),
as well as around exo-planets and other distant objects (e.g., accretion discs).

These are just three examples of how ionospheric science has links to other research
disciplines and benefits from, and contributes to, curiosity-driven research. Other examples
include wider links with magnetospheric physics (where we now appreciate that, but do
not fully understand how, the mid- and low-latitude ionosphere is sometimes strongly
influenced by magnetospheric electric fields) and with plasma physics (to study how
plasma instabilities generate irregularities in many parts of the global ionosphere).

Nonetheless, we must recognise that ionospheric science has a strategic value that
sits alongside the intellectual challenge that we expect in curiosity-driven research. In this
respect, ionospheric science emulates many, perhaps all, environment sciences. A deep
understanding of the environments that affect human activities enables us to exploit those
environments for beneficial results and to protect ourselves against their natural adverse
impacts (and to avoid creating further adverse impacts by degrading those environments).
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This is, of course, no more than applying science to live in harmony with the natural
world—but that application is one of the great goals of science.

In the case of ionospheric science, strategic value comes primarily from insights
into how ionospheric variations affect radio signals passing through that region, often
for the worse, but sometimes for the better. We can apply our understanding to assess
how and when ionospheric effects on radio signals will impact radio technologies. In
addition, where that assessment reveals gaps in our knowledge, we can enhance that
understanding through targeted research programmes, i.e., where funding agencies seek
research proposals to address specific scientific goals already identified as strategically
important by the agency. Such goals are typically set through consultation with a range
of experts, including potential users of the research, as well as members of the research
community. As a possible ionospheric example, targeted research can seek to improve
our understanding of where and when ionospheric instabilities will occur with sufficient
strength to distort the amplitude and phase of important radio signals (e.g., GNSS and
satcom signals at L-band frequencies).

However, research outputs, whether from targeted or curiosity-driven research, are
far from the end of the story. How do we transition research outcomes into operational
use? This has traditionally been a significant problem, especially when transitioning re-
search models into new services for forecasting and nowcasts. This is now being addressed
through the development of “Research-to-Operations” (R20) programmes that bring re-
searchers together with service providers to promote the development of high-quality
modelling software and to support its validation in simulated operational environments.
It is essential that such software be able to detect and smoothly deal with operational
problems such as missing or poor-quality data, to alert operations teams to major problems,
and to be secure against the hostile actions of those who might wish to disrupt operational
services of all kinds. This need for dedicated actions to transition research into operations
should also be complemented by feedback from operations teams to research teams. This
“Operations-to-Research” (O2R) dialogue can be a great stimulus to researchers, triggering
ideas for future research projects, both curiosity-driven and targeted. The support from
operators can also help to build the case for funding that research. Thus, as discussed by
Opgenoorth et al. [37], links between researchers and service operators can form an iterative
loop (R2O2R) that can advance both high-quality science and high-quality services.

In summary, ionospheric science is now a mature field similar to many other envi-
ronmental sciences. Whilst we have a good understanding of the basic science, there is a
wealth of detail that needs to be explored and that has links to other disciplines including
atmospheric science, plasma physics, magnetospheric physics, and planetary and exo-
planetary science. There is much scope for curiosity-driven research as shown by a range of
ionospheric effects that have been discovered over the past 20 years, e.g., the longitudinal
modulation of the equatorial ionisation anomaly by energy flows from the troposphere (e.g.,
see [38]), the curious auroral structures known as STEVE (e.g., see [39]), and many others.
However, as with other environmental sciences, there is also much scope for targeted
research and to build strong links between researchers and service providers, both vital to
focus research on strategic goals and then transition research outputs into operational use.

4. Diversity Can Be a Challenge

The diversity of funding approaches needed in ionospheric research can be an issue
when ionospheric science is positioned alongside areas where the emphasis has tradition-
ally been to support curiosity-driven research and, sometimes, to focus on the discovery of
new science, rather than fully developing our physical understanding of natural environ-
ments. That full physical understanding is a major intellectual challenge wherever natural
environments exhibit complexity, i.e., that environment is a system with many different
elements, and the overall system behaviour is determined as much (if not mainly) by inter-
actions between those elements, as by the physical properties of individual elements. Thus,
a reductionistic approach to the study of the complex environments will inevitably fail, and
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a holistic approach is essential, as noted for space weather in general by Lugaz et al. [7].
This is certainly the case for the ionosphere, given its coupling not only to the co-located
thermosphere, but also to the magnetosphere and to the lower atmosphere.

The experience of the author, and anecdotal reports from colleagues, suggests that
the research challenge of fully understanding the behaviour of complex natural systems is
not always understood by those working in funding systems focused mainly on curiosity-
driven research. In such a culture, the expansion of existing scientific knowledge that is
essential to obtain full understanding may be assessed as an application of the existing
knowledge and perhaps denied funding. While this would be a false assessment, it is
important to recognise that it is a cultural problem. That the false assessment arises from a
culture that does not grasp the diversity of approaches needed to fully develop science—
and hence that the application of the science, more accurately its transition to operational
use, comes later. This is not at all to downplay the importance of curiosity-driven research—
rather, it is to stress that it is part of a diverse culture of scientific research and that processes
to determine funding need to recognise and reflect that diversity.

For ionospheric research, and indeed for many other aspects of research into space
weather, one good way to approach this is to integrate ionospheric and other space weather
research more closely with other environmental sciences. These sciences have a strong
heritage of diverse research approaches—one that has evolved as our understanding
of natural environments on Earth has become ever more important, both to make best
use of the resources of our planet and to mitigate the risks posed by natural hazards.
Modern ionospheric science fits perfectly in this framework: (a) it provides knowledge
that helps us to transmit reliable radio signals across our planet and near-Earth space so as
to support a wide range of societally vital applications (e.g., communications, navigation,
timing services, remote sensing, etc.), and (b) it also helps us recognise and mitigate
natural phenomena (e.g., space weather effects on the ionosphere) that can disrupt those
applications.

This environmental science approach is also consistent with the growing development
of many national and international space weather services that are embedded in the global
network of meteorological services. That network already supports a range of services that
monitor and forecast environmental conditions, obviously weather, but also other factors
such as the atmospheric transport of volcanic ash away from eruptions. The latter provided
a model for the establishment in 2019 of international space weather services for aviation
under the auspices of the International Civil Aviation Organisation [40]. These services
include information on ionospheric impacts to address aviation use of HF radio and GNSS
services and were initially supported by three providers: the U.S. Space Weather Prediction
Center [41], a consortium called PECASUS composed of European providers led by Finnish
Meteorological Institute [42], and a consortium called ACFJ composed of providers based
in Australia, Canada, France, and Japan [43]. They were joined in 2021 by a fourth provider
in the form of a consortium between China and Russia [44], and it is expected that this
support will soon expand to include a provision from South Africa. At a national level,
there is also growing involvement of meteorological services in the national provision of
space weather reports and forecasts, with examples including the USA, UK, Finland, and
Australia.

Looking in detail, the UK provides an example of how ionospheric research can benefit
from an environment science approach. Prior to 2008, research in solar–terrestrial physics,
including studies of Earth’s ionosphere, had long been funded as part of a wider astronomy
and space programme that was created when the UK’s Science Research Council (SRC, later
SERC) was established in 1965. That wider programme passed through many evolutions,
for example with responsibility for space-based remote sensing of Earth being transferred to
the UK’s Natural Environment Research Council (NERC) in 1994. By 2008, the astronomy
and space programme had become part of the UK’s Science and Technology Facilities
Council (STFC), which then proposed to cease supporting solar–terrestrial physics with
respect to its manifestations on Earth, including studies of the Earth’s ionosphere. This was
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part of a wide set of proposed changes to STFC programmes, many of which received a
strong pushback from across the scientific community, even prompting significant debate in
Parliament [45]. This pushback led to a review by an independent committee whose report
included a recommendation that responsibility for solar–terrestrial physics be transferred
to NERC [46]. This proposal was accepted by the Government, and that responsibility
(and appropriate funding) was transferred to NERC in 2010. As that change has been
implemented over the past decade, ionospheric researchers have had opportunities to bid
for diverse forms of funding. Two recent major successes in this area are (a) NERC’s role as
the UK lead in the new EISCAT_3D incoherent scatter radar [47] and (b) NERC’s support
of targeted research to develop better ionospheric and thermospheric models [48,49] and to
transition those models into operational use at the UK Met Office [50]. The support from
NERC has also included a range of smaller projects, with examples including preparatory
research for scientific exploitation of EISCAT_3D [51,52] and translational research helping
industry to assess ionospheric impacts on their use of GNSS [53]. In summary, UK re-
searchers studying Earth’s ionosphere (and other Earth-focused aspects of solar–terrestrial
physics) are now increasingly linked to an environment science culture that is supportive of
the diverse approaches needed to advance both the science and its application to real-world
problems. It is a very welcome and positive change—and one that has fit well with the
increasing attention given to space weather as part of the UK Government’s policy, as
shown by the publication in September 2021 of a new national strategy on preparedness
for severe space weather conditions [54].

This increasing attention to space weather is mirrored in many other countries, as
shown in surveys undertaken by the UN Expert Group on Space Weather. That group
submitted a report in February 2022 [55], showing that, of approximately 40 countries that
have provided national responses, the vast majority are either already supporting a range
of space weather activities or are interested in working with other countries to develop
those activities. These activities are not only research actions, but also observation and
measurement programmes, risk and economic impact assessments, and the provision of
space weather services. All these activities will necessarily include space weather effects
in the ionosphere because those effects have profound impacts on radio technologies now
vital to all countries around the world, developed and developing nations alike, because of
their critical roles in transport and communications infrastructures.

This global concern about space weather suggests there is great value in encouraging
countries to treat ionospheric science, indeed all scientific aspects of space weather, as part
of the environmental sciences. That will help researchers to advance the science through a
mix of curiosity-driven and targeted research and to build effective research-to-operations
programmes (and also to facilitate feedback from operations to research). A survey of the
current situation in different countries is beyond the scope of this paper. However, the
author would be interested in learning more about those national situations.

5. Summary

Contemporary ionospheric research spans a spectrum of scientific activities starting
with curiosity-driven research and ending with the application of research outcomes to
practical problems. The former includes many research challenges such as the need to
understand how Earth’s ionosphere is coupled to other physical entities as discussed in
previous sections. Today, these studies of Earth’s ionosphere are complemented by studies
of other ionospheres within the solar system, in particular Mars, for which we now have a
wealth of ionospheric observations, and more generally studies of partially ionised plasmas
across the universe. Earth’s ionosphere is the most accessible example of this important
class of astrophysical plasmas. The application of ionospheric science to practical problems
focuses on radio signal propagation through the ionosphere. This is a wide field because
of the great variety of systems that must consider ionospheric propagation and the range
of frequencies that those systems use. These range at least from VLF systems working at
frequencies of tens of kHz, where signals propagate in the natural waveguide between the
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Earth’s surface and ionosphere, up to S-band systems working at frequencies of 2–3 GHz,
where ionospheric scintillation can distort signal propagation. A detailed discussion of
those systems is well beyond the scope of this paper, so we just highlight their variety, and
hence their sensitivity to a wide range of ionospheric features. Thus, the application of
ionospheric science requires a wide and detailed understanding of the ionosphere.

These two boundary cases of curiosity-driven research and of applications of re-
search outcomes are linked by two other research activities, namely targeted research and
R2O/O2R activities. In the case of targeted research, funding agencies define the research
goals after a dialogue between scientists and potential users of research outcomes, but
those goals still require cutting-edge research. This is a critical stage in refining research to
the point where one can identify specific applications. The need for such targeted research
is typical of a mature environment science; we know the basics, but not the details, and
those details are crucial to the delivery of societal value from research. In the case of R20
and O2R, it is vital to establish, and fund, processes that facilitate interactions between
researchers and service providers. Most obvious here is the need to facilitate the migration
of forecast and nowcast models from research to operational environments, with all that
implying high-quality management of software. The advent of cloud-based environments
is providing a new and exciting basis for that migration to occur, not least of which because
it strongly supports distributed working between science and operations teams based at
different locations.

Thus, contemporary ionospheric research requires a diversity of approaches in a way
that it is supported and carried out. Figure 1 provides an outline of how ideas might
flow in that diverse culture, including the feedback that can drive a virtuous circle that
can stimulate further progress in the science and its application. The need for diversity is
increasingly recognised at an international level, e.g., through discussions on European [37]
and global [56–59] coordination of space weather activities. Those reports also provide a
call-to-arms for national efforts that can encourage and sustain those diverse approaches,
whilst also stimulating, and benefiting from, improved international coordination and
cooperation. The author encourages colleagues around the world to engage with these
international efforts and, thus, advance our science.
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ternational efforts and, thus, advance our science. 
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The research progresses, left to right, from curiosity-driven research to operational services, but the 

Figure 1. An outline of how ideas might flow in a diverse scientific culture as discussed in this paper.
The research progresses, left to right, from curiosity-driven research to operational services, but the
intermediate steps are vital and need dedicated processes to ensure that progress. Those processes
must encourage scientists to engage not only with end users such as service operators, but also other
stakeholders such as government agencies responsible for the regulation and resilience of services.
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