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Why do we need to know about the thermosphere 
and ionosphere?

• Many space weather impacts take place in or through the thermosphere-
ionosphere
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1. What are the thermosphere and ionosphere?


2. What drives the thermosphere and ionosphere?


3. What does the variability of the thermosphere-ionosphere look like?


• And how does this relate to space weather impacts?



1. What are the thermosphere 
and ionosphere?



Question:
Where does the atmosphere end and where does space begin?


Which criteria would you use?



Where does the atmosphere end and where does 
space begin?

• Biology / human activity: it becomes very hard to survive for long in low oxygen and cold temperature 
environments on Earth’s highest mountains [~5 km]


• Weather/climate: “hardly anything interesting that affects our living environment happens above the 
stratosphere” [12 km?] (or does it?)


• Flight: It gets harder to generate enough lift on a wing in very thin air at higher altitudes. When does an 
aircraft turn into a rocket or a satellite? [~80 km]


• Spaceflight 1: when an orbiting object gets low enough, it experiences so much drag that it cannot complete 
another orbit [~100 km] and/or it generates so much frictional heating that it breaks up if unprotected [~80 
km].


• Spaceflight 2: to what altitude can spacecraft measure/make use of aerodynamic forces? [at least 1500 km] 

• Connections between atmospheric layers: to what altitudes can atmospheric waves, which originate at the 
Earth’s surface, propagate? [at least 300 km]


• Corotation: To what altitude do particles rotate along with the Earth’s rotation around its axis? [up to several 
1000 km]



18 Empirical modelling of the thermosphere
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Figure 2.1 Altitude profiles of atmospheric temperature (left) and density (right),
according to the NRLMSISE-00 model, evaluated for 18:00 on July 15 2000
and 2006, over Delft, The Netherlands.

changes in the slope of the temperature profile. The maximum temperature is
asymptotically reached in the topmost layer, the thermosphere. The level of the
temperature in this region is highly dependent on the Sun, as will be explained
in more detail below. The variations in temperature lead to variations in density,
which can span several orders of magnitude.

2.1.1 Overview of observed density variations
Figure 2.2 shows modelled density variations over an 11-year period, with two
zoomed in views for 2000 and 2006. The NRLMSISE-00 [Picone et al., 2002] model
was evaluated at a single location: 400 km over Delft, The Netherlands. The major
variations in density visible in this plot will be described below. A more detailed
description of the drivers behind these variations will be provided in further sec-
tions of this Chapter.
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Movie download: https://surfdrive.surf.nl/files/index.php/s/VRNAAMDtTOYHeLA

https://surfdrive.surf.nl/files/index.php/s/VRNAAMDtTOYHeLA


Example visualisation of WACCM-X output



Question:
What does this mean for the space station? 


And for spacewalking astronauts?

The temperature of the gas at the height of the International 
Space Station ranges from 600 K to 2000 K.



2. What drives the 
thermosphere and ionosphere?



Electric fields

1. Heating / photochemistry

Irradiance

Solar Wind

Magnetosphere

3. Upward propagating waves and tides

2. Joule & Particle Heating



Question:
Driving of the thermosphere-ionosphere by the interaction of the 

solar wind and magnetosphere, takes place at high latitudes.

Why?



Movie download: https://surfdrive.surf.nl/files/index.php/s/HUhdKi1TaDGdnjE

https://surfdrive.surf.nl/files/index.php/s/HUhdKi1TaDGdnjE


Main features

• Magnetospheric Currents
– Magnetopause current
– Ring current
– Field-Aligned Current (FAC)
– Neutral sheet current
– Tail current

22

Magnetospheric currents



surements as well as quantitative assessment of Pedersen
currents have proven to be very difficult.
[4] The spatial distribution of the Pederson currents has

very important space weather implications as FACs lose
their energy in the ionosphere mostly through the Joule
heating via Pedersen currents. It is important to understand
Joule heating, because many studies have consistently
established that Joule heating is the most significant process
for energy inputs into the ionosphere in the high!latitude
ionosphere system [Gary et al., 1994; Lu et al., 1995, 1998;
Fujii et al., 1999]. The ionosphere and upper atmosphere
respond intimately to the varying energy inputs. Joule
heating raises the temperature of the upper atmosphere,
causing thermal expansion and changes in electron density
and neutral composition [Banks, 1981]. Joule heating
combining with solar UV radiation and ion heating by FAC!
driven instabilities also cause ion outflows in the high!
latitude ionosphere, which provides a significant source of
magnetospheric plasma [Chappell et al., 1987; Yau and
Andre, 1997; Strangeway, 2000; Zheng et al., 2005].

[5] Figure 1 shows a schematic of our current under-
standing of the combined FACs and ionospheric current
systems. Here we focus on large!scale region 1 (R1) and
region 2 (R2) field!aligned currents near the dawn!dusk
plane and associated Hall currents and Pedersen currents.
The field!aligned current near the dayside cusp region and
the substorm current wedge are not a topic in this paper.
Near the dawnside (dusk) auroral oval, region 1 FACs flow
into (out of) the ionosphere at the high!latitude edge of the
oval, which originate from the magnetopause; region 2
FACs flow out of (into) the ionosphere and map to the ring
current region in the inner magnetosphere. In the iono-
sphere, Pederson currents flow equatorward (poleward) at
the dawnside (duskside) auroral zone between the iono-
spheric footprints of R1 and R2 FACs to form a closed
current loop. Hall currents are not part of the closure currents
for FACs. Also known as auroral electrojets, they flow
westward (eastward) in the dawnside (duskside) auroral oval
and close in the ionosphere by flowing sunward over the polar
cap to form current loops.

Figure 1. A schematic of combined FACs and ionospheric current systems.

LE ET AL.: IMBALANCE OF REGIONS 1 AND 2 FACS A07202A07202
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Figure from Le et al., 2010



Energy sources



Temperature and density



Temperature and density





 19.2 X-RAY MEASUREMENTS AND PRODUCTS 235

As with XRS on earlier GOES (Garcia, 1994), the responsivity Ri for detector channel i, is defined by the assump-
tion of a flat solar spectrum:

(19.1)R
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where Ai is the aperture area (in m2), !i is the channel spectral response (in A/W), and "1 and "2 are the lower and up-
per limits of the channel’s nominal bandpass, respectively. XRS measurements are made at a 1-s cadence, and Level 
2 (L2) irradiances are provided at 1-s and 1-min cadences.

GOES-R XRS measures the same bandpasses as earlier instruments but provides a dynamic range of over six orders of 
magnitude, a factor of 10 more than on previous GOES. It achieves this via two channels for each band, which measure 
overlapping ranges of lower and higher irradiances. The low irradiance channels, called A1 and B1, have larger area pho-
todiodes for detecting weak signals. The high irradiance channels, called A2 and B2, are smaller quadrant photodiodes 
for measuring large solar flares. The quadrant diodes are also used to estimate flare locations. There are also two covered 
(“dark”) photodiodes that measure energetic particle impacts. The operational (i.e., real-time) XRS L2 products discussed 
in this section include high resolution and averaged irradiances, a daily background, an events list, and flare locations.

19.2.1 Irradiances
X-ray irradiances are provided in units of W/m2 based on a flat spectrum as described by Eq. (19.1). At each in-

stance in time, a primary channel is defined for XRS-A (either XRS-A1 or -A2) and for XRS-B (either XRS-B1 or -B2). 
Corrections applied to the data include temperature corrections, dark count subtraction, spike removal, electron 
contamination removal, and radiation corrections. Fig.!19.3 is a time series of XRS measurements and shows the 
tremendous variability of the solar irradiance for 41 days in 2017.

Spikes in the XRS flux measurements are due to energetic particles, primarily galactic cosmic rays. A flux mea-
surement, x, is flagged as a spike if:

(19.2)x x f x f x! > " + "median noise noise flux

where xmedian is the median of the five closest flux values, xnoise is the maximum negative deviation of x ! xmedian over 
1 h, and fnoise " 1.05 and fflux " 0.01 are adjustable parameters. The noise term has the most impact at low fluxes and 

FIG.!19.2 Variability in solar emissions at X-ray, EUV, and FUV wavelengths as seen by a comparison of typical solar irradiance spectra during 
solar minimum, solar maximum, and during a solar flare. Spectral data are from the solar spectral model of the Naval Research Laboratory (cour-
tesy of J. Lean; Warren et!al., 2001; Huba et!al., 2005).



234 19. GOES-R SERIES SOLAR X-RAY AND ULTRAVIOLET IRRADIANCE 

The atmospheric energy deposition of electromagnetic radiation from the Sun as a function of wavelength is 
shown in Fig.!19.1. The absorption of solar X-ray and ultraviolet radiation in the upper atmosphere heats the thermo-
sphere and creates the ionosphere, with impacts on radio transmissions and satellite orbits. Precise knowledge of the 
Sun’s output, such as that from EXIS measurements, is required to predict these impacts. For example, satellite drag, 
which is the friction between a satellite and the upper atmosphere, increases with solar activity; more solar irradiance 
expands the upper atmosphere thereby increasing its density as a function of altitude.

Although 99% of the Sun’s light is produced at visible wavelengths, there is very little variability at visible wave-
lengths. The variability of the total solar irradiance is about 0.1% and occurs on time scales of days to years (Kopp, 
2016). At shorter wavelengths, the solar irradiance variability is larger and varies on multiple time scales (Fig.!19.2). 
At EUV wavelengths, the variability over the 11-year solar cycle ranges from a factor of about 2–10 times the irra-
diance and is about 10 times larger than the variability in one 28-day solar rotation (Chamberlin et!al., 2007), and 
during a flare, the irradiance can further vary by 0.1–10 times the nonflare signal (Thiemann et!al., 2017).

The first EUVS instruments on GOES are on GOES 13–15 and make five broadband measurements in the EUV 
(Viereck et!al., 2007; Evans et!al., 2010). GOES-R EUVS (Eparvier et!al., 2009) is quite different from the first- generation 
instruments; it makes EUV and FUV high-spectral-resolution measurements of distinct solar emission lines repre-
sentative of different layers of the solar atmosphere. The combined XRS and EUVS measurements are used to recon-
struct a EUV spectrum from 5 to 127 nm using an empirical proxy model. Measurements of solar spectral irradiance 
(SSI), that is, the solar irradiance as a function of wavelength, are used in conjunction with absorption cross sections 
that are a function of wavelength and altitude as inputs to atmospheric models (Solomon and Qian, 2005).

19.2 X-RAY MEASUREMENTS AND PRODUCTS

XRS measures solar irradiance, also called solar flux, in two bandpasses at soft X-ray wavelengths: XRS-A (0.05–
0.4 nm) and XRS-B (0.1–0.8 nm). Improvements of GOES-R XRS (Chamberlin et!al., 2009) over previous generations 
of XRS include dual channels to improve the dynamic range, Si photodiodes instead of ionization cells, quadrant 
diodes to provide real-time flare locations, and radiometric calibrations at the National Institute of Standards and 
Technology (NIST) Synchrotron Ultraviolet Radiation Facility (SURF) in Gaithersburg, Maryland (Arp et!al., 2002).

FIG.!19.1 Energy deposition (colors) as a function of wavelength and altitude. Solar spectrum (white) is overlaid. The impact on the upper at-
mosphere of the increased energy absorption is shown in the temperature profiles of solar maximum (orange) and minimum (yellow). This figure 
was created using temperature profiles from the Naval Research Laboratory (NRL) Mass Spectrometer Incoherent Scatter (MSIS) model (Hedin, 
1991), absorption cross sections from Fennelly and Torr (1992), and spectral data from the NRL solar spectral model (courtesy of J. Lean; Warren 
et!al., 2001; Huba et!al., 2005).From Machol, et al., 2020 “GOES-R Series Solar X-ray and Ultraviolet Irradiance”
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et al. (1978), Bowman (2004), Emmert et al. (2004), Marcos
et al. (2005), Saunders et al. (2011), and Dudok de Wit and
Bruinsma (2011). Density values are typically associated
with perigee altitude, latitude, and local solar time,
although King-Hele (1987) showed that an altitude that
is 1/2 scale height above perigee is more appropriate (a
scale height is the altitude change corresponding to a
reduction of mass density by a factor of 1/e). Emmert
et al. (2004) used a drag-weighted average of altitude,
which amounts to !1/2 scale height above perigee, consis-
tent with King-Hele’s approach. These orbit-derived den-
sity values typically have a temporal resolution of several
orbits to several days. If precision orbit ephemerides are
available (for example, for satellites with GPS receivers
or satellites with laser ranging observations), it is possible
to produce density estimates on time scales of two or more
orbits (McLaughlin et al., 2011; Lechtenberg et al., 2013).

Storz et al. (2005), Doornbos et al. (2008), and Emmert
(2009, 2015) combined analyses from di!erent objects to
produce global specifications of density. These specifica-
tions are essentially corrections to empirical thermospheric
models for specific epochs. Storz et al. (2005) assimilated
tracking data from !80 objects to produce low-order cor-
rections to the Jacchia-70 (J70) density model, as a function
of altitude, local time, and latitude; this data set, known as
the High Accuracy Satellite Drag Model (HASDM),
extends back to 2000. Doornbos et al. (2008) similarly used
two-line orbital element sets (TLEs) on !50 objects to pro-
duce low order corrections to empirical models during the
year 2000; they found that the global average correction
term dominates over the other spherical harmonic terms.
Emmert (2009, 2015) combined analyses of TLEs from
!5000 objects to produce a historical reconstruction,
back to 1967, of global average density as a function of
altitude; this time series is shown, for 400 km altitude, in
Fig. 1.

2.1.2. Accelerometers
Accelerometers measure the nongravitational accelera-

tion on the host satellite and thus can provide an essentially
instantaneous measurement of the drag in Eq. (1), assum-
ing other nongravitational forces are known or negligible.
The high temporal resolution of accelerometer measure-
ments is a considerable advantage compared to
orbit-derived density. There are limitations for some appli-
cations, however. Their spatial coverage and historical
extent are more restricted than with orbit-derived density,
because fewer than ten accelerometers have flown in
Earth orbit for longer than a year. Accelerometers can be
di"cult to calibrate, and most accelerometer-bearing satel-
lites to date have had complex geometries that make it
challenging to compute the drag coe"cient and to model
non-drag forces such as aerodynamic lift and solar radia-
tion pressure. Doornbos (2011) described the modeling of
nongravitational forces and the extraction of density (and
winds) from accelerometer data; other descriptions may
be found in the references cited below.

Several accelerometers flew briefly and intermittently
during 1967–1972 (Champion and Marcos, 1973); these
instruments measured density below 200 km altitude. The
first multi-year measurements were made by the accelerom-
eters (Champion and Marcos, 1973) on the Atmospheric
Explorer (AE) missions during 1974–1977. The Cactus
accelerometer (Boudon et al., 1979) on the Castor satellite
measured density during 1975–1979. A few accelerometers
operated for brief periods in the 1980s (e.g., Rhoden et al.,
2000), but the next major accelerometer data sets came in
the 2000s from satellites whose primary mission is precise
measurement of Earth’s gravitational field. CHAMP oper-
ated from 2000–2010, and the twin GRACE satellites have
been operating since 2002. Several groups have derived
thermospheric density from these missions’ accelerometers
(Bruinsma and Biancale, 2003; Sutton et al., 2005; Liu
et al., 2006; Doornbos et al., 2010). The Gravity Field
and Steady-State Ocean Circulation Explorer (GOCE)
was launched in 2009 and collected atmospheric drag data
near an altitude of 270 km between November 2009 and
May 2012; density data derived from these measurements
are described by Bruinsma et al. (2014). The Swarm mis-
sion’s trio of satellites, each with an accelerometer, was
launched in November 2013 and is scheduled to operate
through 2017 (Visser et al., 2013).

Lechtenberg et al. (2013) compared CHAMP and
GRACE density data with density derived from those satel-
lites’ precision orbit ephemerides (POE), and with HASDM
density. They found good agreement among the accelerom-
eter and two orbit-derived techniques, except that CHAMP
and GRACE, with their higher spatial and temporal resolu-
tion, were able to resolve features such as the midnight den-
sity maximum (see Section 4.9), geomagnetic cusp
enhancements (Section 4.6), and traveling atmospheric dis-
turbances (Section 5.4.3), whereas these features were not
detectable in the POE and HASDM densities.

Fig. 1. 1967–2013 global average thermospheric mass density at an
altitude of 400 km, derived from orbit data (Emmert, 2009, 2015) and
plotted on a log scale. Shown are daily values (green), monthly running
averages (orange), and yearly running averages (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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3. What does thermosphere-
ionosphere variability look like?

And how is this related to space weather impacts?
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Question:
The variations (day/night, latitude, etc.) in 
the upper atmosphere are very different 

for the neutral and charged particles. 

Why?



Source: https://www.nasa.gov/feature/goddard/2019/earth-shining-upper-atmosphere-ionosphere-apollo-era-gold-camera-moon
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Ionospheric scintillation

Global variation of amplitude scintillation fades at L band (after 
Basu et al. 1988a, b, colored by A.W. Wernik)
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Figure 5. Distribution of the GPS LoL events affecting Swarm A, B, and C, from December 2013 to December 2020, as a
function of the QD latitude and MLT. (Top panel) Global projection of the occurrence. (Bottom panels) Polar projections
(where the radius is the QD latitude and the azimuth angle is the MLT) for (left) the Northern hemisphere (where the QD
latitude ranges from 50� to the North magnetic pole) and (right) the Southern hemisphere (where the QD latitude ranges
from –50� to the South magnetic pole) of the probability density.

Distribution of GPS Loss of Lock 
events affecting Swarm A, B and 

C from Dec 2013-Dec 2020.
Pezzopane et al., 2021

https://www.mdpi.com/1138626
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Figure 6. Same as Figure 4 but for each year of the considered dataset, from 2014 to 2020. Polar projection (where the radius is the QD latitude and the azimuth angle is the day of the
year) (first row) for the Northern hemisphere, (second row) for the Southern hemisphere, (third row) global projection, (fourth row) daily values of the F10.7 solar index (in blue) and
corresponding 81-days running mean F10.781 (in red).

GNSS loss of lock on Swarm satellites

Pezzopane et al., 2021

https://www.mdpi.com/1138626


A schematic illustration of active space weather regions in the polar cap ionosphere when IMF BZ is north (top row, Kp = 0), and IMF BZ is south (bottom row, Kp = 5). The active regions for creation of 
polar cap patches/plasma irregularities are shown in yellow color and move under the influence of IMF as indicated with yellow arrows. For IMF BZ north the active region is caused by flow shears near 
transpolar arcs in the central polar cap, and space weather problems are only expected far north of Svalbard both day (panel a, 0830 UT) and night (panel b, 2030 UT). For IMF BZ south the tongue of 
ionization (pink) extends into the dayside auroral oval, where magnetic reconnection chops it into polar cap patches (pink) that begin to drift across the polar cap. In the production region there are flow 
channels and strong flow shears that initiate the growth of ionospheric irregularities. Svalbard will be directly under the production region at daytime (panel c, 0830 UT), and at night Svalbard will see 
patches arriving from the polar cap (panel d, 2030 UT).

Moen et al., 2013 Space weather challenges of the polar cap ionosphere

Scintillation mechanism 1: 
Polar cap patches

https://www.swsc-journal.org/articles/swsc/abs/2013/01/swsc120045/swsc120045.html


Nonlinear growth, bifurcation, and pinching of equatorial plasma bubble 
simulated by three‐dimensional high‐resolution bubble model

Scintillation mechanism 2: equatorial plasma bubbles 
(equatorial spread-F)
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Figure 5. Map of GNSS receiver locations used
for the generation of the TID estimation shown
in Figure 4.

IMF Bz repeatedly changed its direction from southward to
northward for about 2 h. Em and PCC fluctuated accordingly.
During this time, vSW varied between 380 and 605 km/s.

Partial recovery phase. At 09:00 UT, IMF Bz started to progres-
sively turn northward to reach a value of 20 nT later during
this phase. The reversal of Bz happened about 9:20 UT. vSW

increased from 580 km/s to 670 km/s. SYM-H recovered from
!70 nT to !26 nT, and AE decreased from 700 nT to 100 nT. In
addition, PCN and PCS decreased from"8 mV/m to!2 mV/m. A
quite abrupt decrease can be observed in Em at about 9:20 UT.
Most of the time, Em and PCC were below 5 mV/m, indicating
low solar electric field strength.

Second substorm. At 12:00 UT, Bz turned southward reaching
!26 nT and stayed negative for the rest of the day except for
two very short reversals at 13:10 UT and 18:20 UT. Accord-
ingly, we see a second substorm starting at 12 UT, which is
indicated in all magnetic measurements and in Em and PCC.
SYM-H decreased significantly to reach the minimum value of
!232 nT at 22:50 UT of this storm. AE increased from 100 nT to
2300 nT at 14:00 UT and then fluctuated between "300 nT and
"2000 nT later on. In addition, PCN, PCS, Em, and PCC increased
significantly to reach a maximum at about 14:00 UT.

At the time when Bz turned negative, vSW had short abrupt fluc-
tuations of 450 km/s. Subsequently, vSW remained at a high
speed of 500 to 600 km/s till the end of the day.

3.2. TEC Observations
A time latitude plot of the IGS TEC maps for the 17 March 2015,
for the European-African region at 30#E is shown in Figure 3
(top). Relative and absolute deviations to the 27 days median
TEC (Figure 3, middle and bottom) show the storm time devia-
tion of TEC. The following TEC characteristics can be observed
during the di!erent storm phases:

Compression phase. During the compression phase, night con-
ditions prevail with low TEC at all latitudes (Figure 3, top). A
weak enhancement of "15% can be observed in the Northern

Hemisphere, which can be seen as a minor enhancement in the absolute deviation with about "5 TECU
(Figure 3, middle and bottom).

Start of the storm main phase. As usual for this time of the day, we observe an increase of TEC because of
initial photoionization during daytime (Figure 3, top). However, the percentage deviation only shows slight
amplitudes. Most of the time during this phase, the percentage deviation is between !10 and 30%. At the
end of this phase at 9 UT, the TEC deviation from the median in the Northern Hemisphere is 30 TECU (40%).
Especially in high latitudes (70#N and 60#S), a significant TEC enhancement of up to 50% (30% in the Southern
Hemisphere) can be observed.

Partial recovery phase. During the partial recovery phase, the daytime conditions prevail. Well-pronounced
crest regions (!5#/20#N) with "90 TECU magnitude can be observed in TEC (Figure 3, top). But the crest
region maxima are only slightly stronger than the median TEC (below 20% deviation). With the start of this
storm phase at around 9 UT, we can observe a strong positive TEC deviation from the median especially in the
Northern Hemisphere (Figure 3, middle and bottom). At 9 UT, the deviations are strongest in high latitudes
(70#N and 50#S). With progressing time, the maximum TEC deviation shifts toward the equator. At 12 UT, we
observe highest deviations in midlatitudes (40#N and 30#S). In both hemispheres in midlatitudes, the maxi-
mum enhancement of the TEC relative to median TEC is 25 TECU. In the Northern Hemisphere, this equals up
to 75% deviation, whereas in the Southern Hemisphere, the percentage deviation is 53%. The propagation
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Figure 3. (top) TEC, (middle) percentage, and (bottom) absolute
TEC deviations to 27 days median for 30!E. The black lines
indicate the shift from one phase of the storm to the next.
The plot starts at the storm onset time at 04:45 UT, and the
solid black lines show the shift between the di!erent phases
of storm.

3. Observations
3.1. Storm Morphology
On 17 March 2015, a geomagnetic storm started
after a CME, which was produced by a long-
duration C9 solar flare, and hit the Earth’s upper
atmosphere at 04:45 universal time (UT). The
corresponding characteristics of the solar wind
and IMF as well as the geomagnetic field per-
turbations presented in Figures 1 and 2 are
described below. It must be considered that
all data derived from ACE measurements are
shifted by 50 min according to the duration of
the solar wind transfer from ACE to the Earth.
Four significant phases of this specific storm
can be identified from the observations and are
described in the following:

Compression phase. The storm started after
vSW, pSW, and IMF Bz suddenly increased from
"340 km/s to "470 km/s, 5 nPa to 22 nPa, and
from 10 nT to 29 nT, respectively. This increase
indicates the arrival of a CME interplanetary
shock. It generated a sudden storm commence-
ment (SSC) at Earth, which is observed at 4:45 UT
as a sudden increase of SYM-H. Although SYM-H
increased sharply by "70 nT during the SSC,
there is only a minor short time enhancement
in AE. PCN and PCS both read a southward peak
of "1.8 mV/m at 04:45 UT and 05:05 UT, respec-
tively. Em and PCC values are low. In agree-
ment with Nava et al. [2016], we call the phase
between 4:45 UT and 06:00 UT the compression
phase.

Start of the storm main phase. A first substorm started at 06:15 UT characterized by SYM-H gradually decreas-
ing to negative values until #73 nT at 10:00 UT and a sudden increase of AE by "700 nT. PCN read #0.8 mV/m,
and PCS had a peak of "10 mV/m at "06:15 UT. Subsequently, PCN gradually fluctuated and increased by
3 mV/m. However, PCS sharply decreased to "5 mV/m at 07:30 UT. Both PCN and PCS gradually increased
to reach 10 mV/m at 09:00 UT. In addition, Em and PCC abruptly increased significantly. It is remarkable that

Figure 4. Illustration of TID amplitudes generated from GNSS data along the European-African sector with about 30!E
center longitude during the 17 March 2015 storm. The red line indicates storm onset at 04:45 UT, and the solid black
lines show the shift between the di!erent phases of storm.
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Mechanism 3: Traveling ionospheric disturbances 
during a geomagnetic storm

Borries et al., 2016, http://doi.wiley.com/10.1002/2016JA023178
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Summary
• The thermosphere-ionosphere is the upper part of the Earth’s atmosphere


• It is weakly ionised (only ~.1%), so it consists of neutral particles (thermosphere) and ions and 
electrons (ionosphere).


• The impacts of these two parts are very different. But there is strong coupling, especially on the 
time scale of the solar cycle and during geomagnetic storms.


• The combined thermosphere-ionosphere system is strongly driven by three factors:


• Solar EUV and X-ray irradiation


• Joule heating and particle heating at auroral latitudes, induced by solar-wind magnetosphere 
coupling


• Waves and tides propagating upwards from the lower atmosphere


