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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 thermosphereionosphere
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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?

•

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]

•

Density: At what altitude does the density of particles become indistinguishable from that in interplanetary space?

•

Weather/climate: “hardly anything interesting that a ects 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]

•

Space ight 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].

•

Space ight 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]
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Where does the atmosphere end and where does
space begin?
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Based on G.W. Prölss, Physics of the Earth’s Space Environment, Figure 2.13
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Based on G.W. Prölss, Physics of the Earth’s Space Environment, Figure 2.13

Ionisation

Ionospheric regions
D-region: rapid ionisation during X-ray ares

•

E-region: magnetospheric currents close here at high latitudes, so
important for geomagnetically induced currents

•

F-region: highest densities, scintillation
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Based on G.W. Prölss, Physics of the Earth’s Space Environment, Figure 2.13

Vertical transport

Force balance

Ionisation
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Movie download: https://surfdrive.surf.nl/ les/index.php/s/VRNAAMDtTOYHeLA

Example visualisation of WACCM-X output

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

Question:
What does this mean for the space station?
And for spacewalking astronauts?

2. What drives the
thermosphere and ionosphere?

Magnetosphere
Electric elds

2. Joule & Particle Heating

3. Upward propagating waves and tides

1. Heating / photochemistry

Solar Wind

fi

Irradiance (especially EUV and X-rays)

Question:
Driving of the thermosphere-ionosphere by the interaction of the
solar wind and magnetosphere, takes place at high latitudes.
Why?

fi

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

Magnetospheric currents
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Figure 2.

281

simple wire diagram of the magnetopause. The Earth is the small sphere at the axis origin and the Sun is to
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Figure 3.

the lower left.

342

diagram of the magnetopause, as in Figure 2.

Chapman-Ferraro current
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The tail current with closure via return current on magnetopause shown in light blue on the wire

Tail current

Te ⇠ 0.6keV, the current density is 30mA/m. If we take into account that the current

sheet is long, the current density can be given as 30A/km or 2 · 105 A/RE which means
that 106 A is carried in each of 5RE of the tail.

Figure 4.

Region 1 field-aligned currents, shown as the red bands, including the two possible closure paths:

Region-1 eld aligned current
423

directly to the magnetopause and via the far-tail plasma sheet.

413

dient determines the flow direction of the field-aligned current. If the azimuthal gradient

414

is directed outward indicating that the pressure peaks are not around midnight but close to

415

dawn and dusk, Region 1 field-aligned current can be generated in the plasma sheet. The

416

presence of this gradient necessary for generation of the Region 1 field-aligned current in

417

the plasma sheet was demonstrated by Antonova and Ganushkina [1997] based on mod-

337

It should be mentioned that, although, on a global magnetopsheric scale, the tail cur-

418

eling and by Xing et al. [2009] based on observations. That is, pressure gradients in the

338

rent is the persistent and stable system, on a smaller scale it contains several very dynamic

419

pre- and post-midnight sectors in general match the formation of Region 1 field aligned

339

currents (e.g. dipolarization front currents [e.g., Liu et al., 2013] and small scale field-

420

currents, as defined by Equation 5. So, at least some portion of Region 1 currents passes

340

aligned currents [e.g., Sergeev et al., 1996; Nakamura et al., 2001; Takada et al., 2008]).

421

through the plasma sheet, as drawn in Figure 4.

343

3.3 Region 1 Field-Aligned Currents

344

Currents in the Earth’s magnetosphere can flow not only perpendicular but also

424

425

3.4 Symmetric ring current (eastward and westward) including cut ring currents
on the dayside

345

parallel to the magnetic field. These field-aligned currents were first suggested [Birke-

426

346

land, 1908] to explain the variations of magnetic field measured on the ground in the po-

427

Earth in the clockwise direction with the shape of a ring, or, rather, a toroid [Strmer,

347

lar regions and several theories were further developed [e.g., Alfvén, 1950; Fejer, 1961;

428

1907; Schmidt, 1917]. The concept of this ring current played a significant role in the ini-

429

tial understanding of the geomagnetic storms [Chapman and Ferraro, 1931, 1941]. The

Early studies in magnetospheric physics introduced a current flowing around the
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The Chapman-Ferraro dayside magnetopause currents are shown as a green-shaded surface on a

595

Figure 7.

596

currents. As geomagnetic activity increases from (a) to (b), the Region 1 current system increases at the

597

expense of the Chapman-Ferraro current system.

Interplay between dayside Chapman-Ferraro magnetopause currents and Region 1 field-aligned

520

521

Region-2 eld aligned current
and partial ring current
Figure 6.

Region 2 field-aligned currents and partial ring current, shown in purple, and the banana current,

shown in orange. The view here is shifted to be from the evening sector.

–22–

Figure from Le et al., 2010

Energy sources

Temperature and density

Temperature and density

19.2 X-RAY MEASUREMENTS AND PRODUCTS

235

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 (courtesy of J. Lean; Warren et al., 2001; Huba et al., 2005).

FIG. 19.1

Energy deposition (colors) as a function of wavelength and altitude. Solar spectrum (white) is overlaid. The impact on the upper atmosphere 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
al., 2005).Series Solar X-ray and Ultraviolet Irradiance”
From Machol,
et al.,
2020et“GOES-R

Jacchia, 1959

Jacchia and Slowey, 1972

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.)
http://linkinghub.elsevier.com/retrieve/pii/S0273117715003944
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3. What does thermosphereionosphere variability look like?
And how is this related to space weather impacts?

fi

Movie download:
https://surfdrive.surf.nl/ les/index.php/s/7V0tGpiAL4XBPBv

fi

Download link: https://surfdrive.surf.nl/ les/index.php/s/PCVQOSDb0sJphWk

fi

Movie download:
https://surfdrive.surf.nl/ les/index.php/s/ICp3zN2HROyOJzo

Kp index

Geomagnetic activity predictions and observations for
the period around the Starlink launch and re-entries

fi

https://surfdrive.surf.nl/ les/index.php/s/ovLLvRJEtMEoBoW

Question:

ff

The variations (day/night, latitude, etc.) in
the upper atmosphere are very di erent
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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R.F. Pfaff

“fountain effect” or the equatorial ionization anomaly (EIA),
a significant, fundamental mechanism that characterizes the
ent. Model total electron content calculations for moderate solar
. 20 that were calculated with the SAMI2 model (Huba et al.
omaly “wings” dominate the late afternoon ionosphere at low

ff

Fig. 19 SAMI2 model calculations versus latitude and altitude of the plasma density for 1500 SLT at 205◦
at low latitudes that drives the plasma is the so-called “F-region
East. The upward E × B drift at the magnetic equator is driven by the eastward electric field, and there is
in the low latitude F-region during the daytime, wind-driven
subsequent flow downward along the magnetic field lines
Pfa , 2012, The Near-Earth Plasma Environment
long the magnetic field lines between the F and E-regions. At

https://svs.gsfc.nasa.gov/4617
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https://surfdrive.surf.nl/ les/index.php/s/bcm8exI6VGzj532

Swarm C satellite drag variations after the Tonga eruption

Ionospheric scintillation
Remote Sens. 2021, 13, 2209

1

Distribution of GPS Loss of Lock
events a ecting Swarm A, B and
C from Dec 2013-Dec 2020.
Pezzopane et al., 2021

Global variation of amplitude scintillation fades at L band (after
Basu et al. 1988a, b, colored by A.W. Wernik)

ff

Figure 5. Distribution of the GPS LoL events affecting Swarm A, B, and C, from December 2013 to December 2020, as a

Scintillation mechanism 1:
Polar cap patches

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 in uence of IMF as indicated with yellow arrows. For IMF BZ north the active region is caused by ow 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 ow
channels and strong ow 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).
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Moen et al., 2013 Space weather challenges of the polar cap ionosphere

Scintillation mechanism 2: equatorial plasma bubbles
(equatorial spread-F)

Nonlinear growth, bifurcation, and pinching of equatorial plasma bubble
simulated by three‐dimensional high‐resolution bubble model
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2014JA020708

Model and GOLD observations of electron density
depletions

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020GL088258

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

Mechanism 3: Traveling ionospheric disturbances
during a geomagnetic storm

Journal of Geophysical Research: Space Physics

10.1002/2016JA023178

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 progressively 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. Accordingly, 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 fluctuations of 450 km/s. Subsequently, vSW remained at a high
speed of 500 to 600 km/s till the end of the day.

Figure 5. Map of GNSS receiver locations used
for the generation of the TID estimation shown
in Figure 4.

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 deviation of TEC. The following TEC characteristics can be observed
during the different storm phases:

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
Start of the storm main phase. As usual for this time of the lines
day, we observe
an increase
of TECshift
because ofbetween the different phases of storm.
show
the
initial photoionization during daytime (Figure 3, top). However, the percentage deviation only shows slight

Compression phase. During the compression phase, night conditions 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).

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.

ES ETBorries
AL. et al., 2016, http://doi.wiley.com/10.1002/2016JA023178
TIDS DURING THE ST. PATRICK’S DAY STORM 2015
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

11,336
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Movie download:
https://surfdrive.surf.nl/ les/index.php/s/7V0tGpiAL4XBPBv

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 di erent. 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
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