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The term aeronomy was introduced by Sydney
Aer()n()my Chapman in a Letter to the Editor of Nature

_ (Journal) entitled Some Thoughts on
= Aero + N0MY | Nomenclature in 1946,
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(from 1D model calculation)

5 200 | .

L

E

:= ThETme- 7

< 100 = E.ER M
: (turbopause)

10 10 0,
Diffusion Coefficients (m~ s )

5 F e (Mol). iEYEE(Eddy)
REOEEIOI7(I,

500 F

Altitude (km)

100F

200 F

100F

Global Mean

3002_ Solar Min.

Mass Density _

10714 1071 1o7te 1o® 107® 1074

400:""'""I""‘""I""""'I""""' TTT T T T

300

Altitude (km)
w0
2
=)

100

Mass Density (kg/m3)

1077

Global Mean

- Scale Height

0 10 =0 30 40

Scale—Height (km)

50

O rich

In, o,
rich



HERXRIZDOINT

Altitude (km)

Altitude (km)

Thermosphere

500

400

300

200

100

NRLMSISE-00
Tn

~>

iy

Mitr

0

200 400 600 800
Temperature {K)

1500

500

400

300

200

100

NRLMSISE-00

Mean molecular weight

THHFE

15

20 25
Mean molecular weight

=]
=

Altitude (km)

Altitude (k)

500E ' ' ' ' ' ]
E sje E
: %;5(;4‘7"" IEF  NRLMSISE—00 :
400F L 3
E N2 3
: 02 :
300 =
200 F 3
100 F =
OE 1 1 i 1 i 1 i E
10° 104 10t? 104 10t®
Number Density (cm**-3)
goo[ o i
— IRIZ00Y -
- Oct. 29, 2006 ]
600 - =E-%55'\Fu—- 12 LT (3 UT)
= =N (] 38 deg Lat. 1
L 140 deg E Leng.
400 - .
200 - .
0 i 1 " R | " MR | " " R A | PR |
10° 1010 1ott 10* 1013

Flectron Number Density (m**-3)



KIG;EENIAO
A—03EE)
[CKHZEIE

Altitude (km)

Altitude (km)

800 ' —
NRLMSISE—-00
F10.7=70—200
600 Ap = 0-100 ]
400 E’lﬁ 1=
200 —
o . . | L ]
10713 [ 1073 10°
Mass Density (kg/m3)
soo[ ] ]
NRLMSISE—-00 |
- F10.7=70—-200 |
6007 Ap = 0-100 ]
400 —
200 —
ol | | ]
0 500 1000 1500

Temperature (K)



RE KR OFTFH

B iR

FFHEERZ2DODRIFENRENTSH  FRE---

Big - - - A —O SN E

EQUINOX

HEIGHT (km)

20
LATITUDE (Degrees)

QUIET
£
AVERAGE =
I
-
w
p <
STORM

600
500
400
300
200

100

600
500
400

8

200
100

600
500
400
300
200
100
¢}

A& ENERMEL

SOLSTICE

P |

T

LI B Y ¢ T T J

a)
SUMM
|

—_—

?(ﬁ

o

1
ER
| |

T | 1 1

WINTER ' |
L1 1 1

-

T

KEMD SOETH TR S BURG ST (T BN

- (c) et NG

-{ {‘_..:‘..”n -'-Af:",..‘\:.;;'-‘ \;...

- N
N oy

Y ¢ 1 1.

P PP - | ]

/—-\ \\\‘ l T

SUMMER © 'WINTER' 1

i W N S N T R T S T T

S 80 60 40 20 0 20 40 60 B8O N

Roble (1987)

LATITUDE (Degrees)



=B RO KEI=

Solar EUV & Aurorally-Driven Circulation
and O-N, Composition
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Figure 7. Same as Figure 6, with effects of high-latitude heating due to magnetospheric

Forbes (2007)
(Journal of Meteorological Society of Japan)

coupling processes.
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# [E (UCL+Shefield Univ, NOAA) EXE(NCAR)D B FH3r S

Fuller-Rowell et al. (1980) M FAB KK KBIRETILDIREY,
Roble et al. (1981)AVRINTHREKRINS,

Fuller-Rowell et al. (1987)h B - BEEEET ILDIRFEY,
Roble et al. (1988)HAVRNTHERIND,

N

Raymond G. Roble
Timothy J. Fuller-Rowell https://www2.hao.ucar.edu/news/2014-jan/

https://cires.colorado.edu/council-fellows/ roble-honored-bowie-medal

timothy-j-fuller-rowell



Fuller-Rowell et al. (1980)-=> ... 2 CTIM, CTIPe, IDEA
Roble et al. (1981) = ... 2 TIE-GCM, TIME-GCM,
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September 1968 R. E. Dickinson and ). E. Geisler
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Exospheric Temperatures from Jacchia Wind vectors calculated from momentum _C uk < o (i‘mﬁi’m)

1965 model, used with model densities equation with Jacchia 1965 pressure
to derive pressures and pressure gradient forcing. Isobars are shown by
gradients solid lines

CEDAR 2007 Student Weorkshop, June 2007

NCAR TGCM with tides
CTIP modeling (Rishbeth et al., 2000)
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NRLMSISE-00, NRLMSIS 2.0 (BE5EBYEZLHFTOEEETIL)
International Reference Ionosphere (IRI) (EEEET L)
DTM-2020, JB2008
Marshall Engineering Thermosphere Model (MET-2007)

2. MEETIL
TIME-GCM, TIE-GCM, WACCAM-X (NCARET /L)
CTIM, CMAT, IDEA (NOAA, UCL)
Global Assimilation of Ionospheric Measurements (GAIM)
SAMI3(ERBEE : NRL), AFRL Global Theoretical Ionospheric Model (GTIM)
Global Coupled Ionosphere Thermosphere-Electrodynamics Model
(Chinese model: GCITEM)

3. Tt
AMIEZE (BB/ARTUIvILATHDEH)
The Global airglow model (GLOW)
Global Scale Wave Model (GSWM) : K&RENGEA)ET IV



Japanese model

Middle atmosphere

GCM

Based on a GCM by Japanese Meteorological Agency

Kyushu GCM (Miyahara,1991; Miyoshi, 1999)

Model inputs
potential data

EISCAT, MU,
EAR, PANSY,
IMAP, GPS,
SuperDARN,
FPI, Lidar, ...

v

Miyoshi and Fujiwara (2003)
Whole atmosphere GCM

HAPDOEXRK[BEETIL

\ 4

Ground-to-topside model
of Atmosphere and [F R
Ionosphere for
Aeronomy (GAIA)
(Jin et al., JGR, 2011)

Kyushu Univ. * 2011
NICT

Seikei Univ.

Programs

IMAP

Ground-based
observations
(EISCAT-3D)

FACTORS
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d) 134 km
e) 180 km
f) 306 km

a) 12 km
b) 50 km
c) 89 km

Solar min, Geomag quiet
(Fujiwara et al., 2011)
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Ground-to-topside model *
. SOlar wind
of Atmosphere and lonosphere [
Radiation
for Aeronomy (GAIA) Electromagnetic energy (magnetosphere)
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GA'A (Ground-to-topside model of Atmospheres and lonosphere for Aeronomy)
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#EET L (GAIA model) $MEFETIL (e.g. MSIS model)
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Results for usual calculations
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The global distributions of temperature and
horizontal wind obtained from (a) GCM
calculations on a constant-pressure surface (~
310 km altitude) at 01:00 UT on December 1,
(b) 5-day average of GCM calculations at 01:00
UT, and (c) the NRLMSISE-00 and HWM-93
empirical models. Note that the strength of the

maximum wind vector is different in each
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Solar EUV & Aurorally-Driven Circulation
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Equator

Boundary depends on
geographic longitude and
level of magnetic activity

Winter
Pole

A secondary circulation cell exists in the winter hemisphere due to upwelling
driven by aurora heating. The related O/N, variations play an important role in
determining annual/semiannual variations of the thermosphere & ionosphere.

Forbes (2008)
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JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 92, NO. D4, PAGES 4325 4336, APRIL 20, 1987

Atomic Oxygen in the Lower Thermosphere

FLORENCE J. LN, KELLY V. CHANCE, AND WESLEY A. TRAUB

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts

We measured in thermal emission the 63-ym line due to thermospheric atomic oxygen O(*P), using a
far-infrared spectrometer on a balloon platform at 37 km altitude over Palestine, Texas (32°N), on June
20, 1983. From measurements of the equivalent width of this line at two elevation angles, we find a weak
angular dependence: the equivalent width increases by a factor of 1.5 + 0.3 as the angle decreases from
+ 307 to +1°. Since the optical depth of the O(*P) line is large, we cannot directly convert the measured
line intensity to a column abundance. Instead, we interpret the measurements in terms of radiative
transfer through a 16-ayer atmosphere extending to 200 km. We use a model atmosphere for summer at
J0°N, with an exospheric temperature of 1300 K, including (1) an assumed daytime atomic oxygen
abundance profile constructed [rom recent chemical and dynamical models and (2) a water vapor
abundance profile constructed from recent experimental and model results. For this assumed O(*F)
vertical profile shape we determine from our spectra at two elevation angles a multiplicative scaling
factor of 0.8, with an altitude-dependent uncertainty. In the best-determined laver the uncertainty in the
multiplier is +0.2 at 119 km. The model-dependent peak atomic oxygen density is 3.6 [+ 1.9) = 101!
cm ™~ * at an altitude of about 101 km.
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atomic oxygen densities

S T MORTT

| PR b BOUS; 13TED - ENEDG, BES TR ENJEEY -
i SOREFT | B N

K. U. Grossmann, M. Kaufmann, and E. Gerstner O =
Department of Physics, University of Wuppertal, Wuppertal, Germany - 4
- .-nP

LA BN B B S _. ——i i Lic -'- ::__.- - 140 kIIl

&

T l 1 1
£ 63 - ) T
5 15 TR _-ﬂ
5 1] TWES
2 el L
?g ! = o
M_-:L: I?-nn_hn-ﬂ'[ je-# em-3] i 3
E |CRISTA 2 (W cmsug s OCF)
AS 1d.8 150
= P PR T I BTN R B B L - -
354 155 156 157 158 159 160 161 -
Wavenumber [cm ']
Figure 1. Single spectrum of the O{3F) emission line at 63 um
recorded by CRISTA-2 at an altitude of 151 km.
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I Plate 1. Atomic oxygen concentrations at 140 km measured by
100 —_— 1 CRISTA-2 August 13 — 15, 1997 (upper panel). The color scale
0 2009 4e-09 6e-09 Be-09 is 8.5 — 19.0 - 10 cm- in increments of 0.7 + 10 cm-3. MSIS
Intensity [Watt / cm” srcm™ ] model atomic oxygen concentrations (lower panel) calculated for
the conditions of the experimental data. The color scale here is
Figure 2. Line integrated limb radiance profile (CRISTA-2, one 14.0 = 24.0 - 109 cm-3 in increments of 0.7 - 109 cm-3,

altitude scan). For details see text.



Ionosphere-Thermosphere Validation Matrix

Tn|U |V |0y N2|O|NO|Ninygp)|n|O |NO"|O |Te|Ti|w|wi
ISRs x' x| X! X X | X |[XxX [X
Digisondes X X | X
SuperDarn X | X
Imagers X | x X"
Accelerometers? X
Satellite Dragi X
DE 2% X X | X | X |[X |X X | X X X |[X |Xx [X
AE* X [X |X [X X | X X | X X X X | X
GPS systems X
DMSP/NOAA X x |[x [¥X[|xX
TIMED X X | X X | X |[X
SNOE X
Ground FPI X | X |x
Groundlmager
ArchivedRocket' X | x | x X | X X X
CHAMP X X
SWARM X X
GAIA X X | X | X |[X |X X X | X A A A A X | x

(from Psmu xnwjxjsyEyts¥ fyjwEx)

T Below ~130 km

2 O/N, during the day, electron densities at night, also coupling parameters. Useful composition data could
not be obtained from POLAR and IMAGE

* In situ or mainly in situ measurements, DE 2 and AE were multi-instrumented missions

T Only some of these variables were available on any particular rocket flight. Generally sporadic.

3 Derived quantities with assumptions
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https://www.nytimes.com/2022/02/09/science/spacex-satellites-storm.html

Solar Storm Destroys 40 New SpaceX
Satellites in Orbit

The geomagnetic incident resulted in the Starlink transmitters
drifting back into Earth’s atmosphere, where they will burn up,
potentially costing the company about $100 million.

A geomagnetic storm triggered by a recent outburst of the sun knocked out
up to 40 of 49 newly launched Starlink satellites.Credit...GSFC/NASA



https://www.express.co.uk/news/science/1278064/Starlink-
satellites-how-many-Starlink-satellites-has-SpaceX-launched

Objects in Earth’s orbit

’ Satellites
621 miles
and higher

Starlink
341 miles v
(average) <&

International
Space Station
253 miles
(average)

Double minor geomagnetic storms heated the thermosphere.
Enhancements (>50 %) of the thermospheric mass density at
200 km caused a strong drag force to the starlink satellites.



Derivation of the thermospheric density from the satellite
motion

Simplified theory p:atmospheric density
Cp: drag coefficient (~2.2)
Air drag force V,: velocity of the satellite
U: wind velocity
_ 2
- EIOCD(VS —U)"A, A,: satellite cross-section
Energy of the artificial satellite (assuming circular motion)
e 1 p? GMm m:mass of the satellite
- Em s G: universal gravitational
o constant
From_a balance between grawt.atlonal and M: mass of the Earth
centrifugal forces, E can be written as m: mass of the satellite
B GMm r: distance between the
. 92r center of the Earth and

Energy reduction rate caused by the air drag force the satellite

C:l—]f——F (V.- U)———pCD(V U)’A,



We assume V = Vs-U~ Vs.

dE. GMm dr 1 3
= = -~ pCpV A
d 212 dt 2 PEDV A,

V = IGM
r

The rate of orbital decay or the atmospheric density is written as follows,

dr  pVCLA.r @ r-- m dr
dt  m o VC,A r dt

Changes in the orbital period was used for estimation of the averaged
atmospheric density in earlier times.
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Fig. 1. Values of air density obtalned by means of satellites (refs. 1-12). with proposed ‘standard atmospheres’ (refs. 6, 18, 14).
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Example of calculations: 1

Acceleration of satellite due to
air drag force

600

e

=

=
I

[

=

=
I

g
=
€

NRLMSBISE-00

F10.7=70-200 |

ellite

1o 107"
Mass Density (kg/m3)

10°

infall velocity (rate of fall) of
satellite due to air drag force

600

.

=

=
[

Altitude (km)

2

=

=
|

107 1o~ 107 10° 10? 1078 0°®
Acceleration (m/s2)

1074 LO7F

1o? 10% 10*

Radial velocity (m/s)

Shapes of the curve are strongly dependent on the thermospheric mass density.



Altitude (km)

Satellite mass (kg): 86

Satellite area (m?) :

Starting height (km) 400
Solar Radio Flux (F10.7 index): 200
Geomagnetic activity (Ap): 5 (quiet)
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0.62 TAIYO satellite (Kato et al., 1979)

Satellite Orbital Decay ]

100F
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Satellite Orbital Decay

Lifetime of satellite at 200 km 1s 1~2 days.
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These simple calculations suggest that prediction
of lifetime of the LEO satellite 1s quite difficult.



Kataoka et al. (Journal of Space Weather and Space Climate, 2022)

Unexpected space weather causing the reentry of 38 Starlink
satellites in February 2022
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Figure 6. Simulation results of the thermospheric mass density at 400 km altimde, (storm-guiet)/quiet

Thermospheric mass density
variations at about 400 km during
geomagnetically quiet (upper panel)
and disturbed (lower panel) periods

simulated with GAIA.

Kataoka et al. (2022)

GAIA simulations presented by NICT
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https://www.soumu.go.jp/main_content/
000794766.pdf



Kataoka et al. (2022)
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Figure 7. Simulation results of the thermospheric mass density at 200 km altitude, (storm-quiet)/quiet
in %, for 0000 UT and 2100 UT on February 4, 2022. The selected quiet day is Febmuary 1. 2022

Thermospheric mass density
variations at about 200 km during
geomagnetically quiet (upper panel)
and disturbed (lower panel) periods
simulated with GAIA.

Simulation results suggest that the wave-
like patterns are superimposed on the
mass density enhancements (> 50 %),
which was likely caused by horizontal
expansion of the heated air.

Therefore, the actual thermospheric
disturbances at around 200 km altitude
might occur with larger amplitude in the
wider area than those we thought in
some cases.



SGEPSS¥% k181
http://www.sgepss.org/sgepss/shorai/SGEPSS syorai_digest Jan2013.pdf
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