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positioning systems.

Earth’s lonosphere

If you look at a picture of Earth taken
from space, the atmosphere will appear
as a thin, fragile layer surrounding our
home planet. Yet as we can clearly

see by simply looking up at the sky,
there is a diverse range of dynamic
physical processes at play within the
atmosphere, giving rise to effects
including the weather we experience on
Earth’s surface.

At different altitudes, variations in air
density, temperature and wind speed
can have significant influences over
these processes, resulting in several
distinctive layers, each with its own

PLASMA BUBBLES AFTER
SUNSET: SIMULATING
INSTABILITIES IN THE
IONOSPHERE

Many kilometres above the Earth’s equatorial region, something
strange occurs for several hours in the late evening: vast bubbles of

plasma form in the upper atmosphere, which quickly rise upwards
into space. Dr Joe Huba at Syntek Technologies in Virginia aims to
gain a better understanding of this complex process, by recreating
it through computer simulations. His team’s work is providing
researchers with a more complete understanding of Earth’s
atmosphere, and could also provide critical insights for satellite
systems that communicate using radio waves, as well as global

defining characteristics. Among

these layers is a region named the
‘ionosphere’, which extends from

60 kilometres to over a thousand
kilometres. This layer’s defining
characteristic is that the atoms and
molecules it contains are partially
ionised by powerful ultraviolet radiation
from the sun.

The neutral atmosphere, known as the
thermosphere at ionospheric altitudes,
plays an important role in the dynamics
of the ionosphere. Thermospheric winds
interact with the plasma and generate
large-scale electric fields, which can
transport the plasma in altitude and
latitude.

Within the ionosphere, several smaller
regions can also be found. Among
them is a high concentration of plasma
named the F-region, situated between
150 and 800 kilometres above sea level.
As many physicists are well aware,

the intricately complex motions of
plasma particles can give rise to many
interesting behaviours, making the
F-region an especially interesting part
of the atmosphere. In the ionosphere
above Earth’s tropics, one particularly
intriguing display begins to take place
after sunset.

Instabilities in Immiscible Fluids

On smaller scales, the physics
underlying this effect can be seen in the
interaction between two immiscible
fluids, such as oil and water. When the
denser fluid is supported by the less
dense fluid, an instability arises that
creates a ‘bubble’ inside the denser
fluid. This bubble accelerates and
expands as it travels upwards into the
denser fluid. This fluid instability is
known as the Rayleigh-Taylor instability.




This complex scenario can be found in a wide range of
situations in nature, from the clouds thrown up by volcanic
eruptions, to cosmic explosions created by supernovae. To
study them, researchers can construct computer simulations
that recreate the properties of each fluid, enabling them to
accurately reproduce the effects of instability.

In the lower latitudes surrounding Earth’s equator, a
comparable effect emerges in the ionosphere’s F-region, which
could be studied through similar simulations in principle.
However, this situation is more complex than many cases
studied previously - creating a unique set of challenges for Dr
Joe Huba and his colleagues.

Equatorial Spread F

In the evening, after sunset, the ionosphere can be suddenly
lifted to higher altitudes because of the electric field generated
by the thermospheric wind. Under these circumstances, a sharp
density gradient develops with the electron density increasing
with altitude. The situation becomes similar to oil and water:

a dense (heavy) plasmais supported by a less dense (light)
plasma that becomes unstable. Irregularities can form large
‘bubbles’ of plasma, often tens of kilometres across.

These bubbles will then rise rapidly towards high altitudes,
expanding and accelerating in the process. Afterwards, they
can remain for several hours after sunset and sometimes past
midnight. Now known as the ‘equatorial spread F’ (ESF), this
phenomenon has a profound impact on the behaviour of the
ionosphere surrounding the bubbles. In turn, it also has a
significant effect on some of the radiation passing through the
ionosphere — which cannot be ignored in the modern age of
communication.

Unwanted Effects from Scintillation

For astronomers, an effect known as ‘scintillation’ is an ever-
present challenge. Most commonly, it describes the random
fluctuations experienced by radio waves as they pass through
the streams of charged particles generated by the sun - known
as the solar wind.

The effectis comparable to the twinkling we see when we
look up at the stars at night. In this case, random turbulence

in the atmosphere slightly diverts the paths of light emitted

by stars, which we observe as twinkling. Similarly, radio waves
can fluctuate as they pass through charged solar wind, causing
inconvenient distortions of the signals emitted by distant
astronomical objects due to effects including absorption,
scattering, and frequency shifts.

Dr Huba'’s team notes that the effect can become distinctly
more noticeable for radio waves passing through the
jonosphere at just the wrong time. As the plasma bubbles
produced by ESF rise to high altitudes, they will create
enormous disturbances in the rest of the ionosphere,

causing the layer to become unstable to shorter wavelength
irregularities (a few centimetres to hundreds of meters). When
this happens, the resulting scintillation of radio signals can
become so strong that it renders them unrecognisable by the
time they reach Earth. Yet while the bubbles occur infrequently
enough to not be a significant problem for radio astronomers,
the case is different for systems that depend on highly accurate
signal transmissions.

Disrupting Satellites

In order to operate effectively, many of the satellites we now
rely upon in our everyday lives must continually hover over

a single point on Earth’s surface. To do this, they occupy a
highly specific position in space called ‘geostationary orbit’ -
consisting of a ring situated above the Earth’s equator. Today,
this ring is home to satellites used for applications including
communication, navigation, and weather forecasting.

The positioning of geostationary orbit presents a problem: the
radio waves that its satellites use to communicate with facilities
on Earth must often pass through the equatorial F-region,
where any scintillation can cause significant disruption to
signal exchanges that require pinpoint precision.

As an example, global navigation systems are required to
measure the exact times taken for radio waves to travel
between different satellites in an array, and a single device on




for 3D simulations. However, all of these efforts have so far
faced several shortcomings: they model a limited region of

the ionosphere, usually a few degrees in longitude and tens of
degrees in latitude, and neglect realistic thermospheric waves.

Simulating Plasma Bubbles

Through their research, Dr Huba and his colleagues have
accounted for this behaviour for the first time, by combining
two global, first-principles atmospheric models: the whole
atmosphere model WACCM-X and the ionosphere model SAMI3.
Moreover, these models use very high grid resolutions, on

the order of 70 kilometres. This allowed the team to recreate
entire equatorial ionosphere driven by a realistic thermosphere
model thatincludes atmospheric waves, such as gravity waves
which can act as ‘seeds’ to trigger the instability.

To test the performance of their approach, they carried out
the two simulation studies at two different times of year under
different geophysical conditions: the ‘March case’ for low solar
activity and the ‘July case’ for high solar activity.

Without any further input, Dr Huba and his colleagues found
that their simulation self-consistently generated rising plasma
bubbles. Furthermore, they found that in the March case -
when the sun’s activity was lower - the bubbles penetrated to
the upper reaches of the F-region, around 800 kilometres above
sea level, where they persisted until after midnight. In contrast,

) ) this didn’t happen in the July simulation, during higher solar
Global electron density (green represents denser regions and . : )
yellow indicates lower density). The corrugated structure in the activity. Understanding why bubbles occuron some nights but
density is a result of plasma bubbles at lower altitudes rising to not others is one of mysteries that these simulations hope to
higher altitudes. unravel.

The team compared the results to observations made
by NASA’s GOLD mission, which continually monitors the
jonosphere. Unexpectedly, the simulated behaviour was
highly consistent with GOLD’s observations, proving that
their approach resulted in the first reliable simulations of ESF
plasma bubbles.

Earth. If any of these signals pass through a plasma bubble,
this timing information could be completely disrupted, leading
to potentially damaging inaccuracies in global positioning.
Without any way to prepare for these fluctuations, the systems
that many people depend upon can become far less reliable for
several critical hours in the late evening.

Informing Future Improvements

Barriers to Accurate Models

The reliability of the team’s simulation represents a significant
step forward in our ability to understand the physics underlying
ESF, and to prepare for the inconveniences created by rising
plasma bubbles.

To alleviate these problems, physicists need to build computer
simulations that can model, and subsequently forecast, when
ESF bubbles will occur - affording the operators of satellite
systems critical time to prepare for them. Yet as is the case

for many simulations involving plasma, these models are : ) : -
As we come to increasingly rely on satellites for communication

notoriously challenging to build, since they must account for L .
y &ing y and navigation, the outcomes of their research could soon

the intricate webs of interactions between the charged particles ) )
lead to important new measures to safeguard and improve

they contain. For a situation as complex as ESF, bubble plasma . —
o ) o ) these systems. Through future research, they could also yield
evolution is particularly difficult to predict.

intriguing insights into the complex processes that play out
above our heads, helping researchers in many different fields to

In the past, researchers have simplified the situation by only
simulating a more easily manageable 2D ionosphere. Later
advances in computing technology have more recently allowed

understand more about the Earth’s atmosphere as a whole.
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