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Abstract: The thermosphere is the atmospheric layer extending from about 90 km to nearly 1000 kilometers,
which is an important interreaction area between the Sun and the Earth. Under the effects of solar radiation flux
changes, geomagnetic activities, and low atmospheric forcings, the thermosphere could undergo significant
changes. On the other hand, the thermospheric molecule flow collides with space objects, leading to the drag effect,
which impacts significantly on the trajectories of space objects. In this paper, we first survey multiple density re-
trieval methods. The space object tracking data has the advantage of a large amount of data and has long been used

for density retrieval since the 1960s. However, the density from this method suffers from low accuracy and time
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resolution. With the development of the Global Navigation Satellite System (GNSS), satellite Precise Orbit Deter-
mination (POD) data was utilized to derive thermospheric density with higher accuracy and time resolution. The ac-
celerometers of some geodesic satellites offer the highest accuracy of measurements. Subsequently, three widely-
used empirical thermospheric models (Mass Spectrometer Incoherent Scatter MSIS, Jacchia, and Drag Tempera-
ture Model DTM) were summarized. The methodologies and data sources were further compared. Based on the de-
rived neutral densities and thermospheric models, several new approaches in improving the previous atmospheric
models were overviewed. Since the exospheric temperature is the crucial parameter for empirical models, one of the
effective ways to improve models is to modify the exospheric temperature using accelerometer-based densities. The
polynomial fitting as well as the Principal Component Analysis (PCA) techniques, were utilized to reconstruct the
global density. Other methods such as assimilation and particle filter were also applied to improve atmospheric
models. Finally, based on the derived neutral densities, the thermospheric responses to solar and astronomical
events such as geomagnetic storms, solar flares, and solar eclipses were further reviewed.

Keywords: thermosphere; neutral density retrieval; thermospheric model
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Fig. 1 Altitude profiles of atmospheric temperature (a) and density (b) during solar maximum and minimum, based on the MSISE00

model, over Beijing (116°E, 40°N)
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K 5 BUTE B s 10 £ 1 Bk o 77 (Bruinsma et al.,
2004):
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AR JE A FH A o DR o 0k 50 . o ik 5 v
W2 AT AR I R, O T8I,
DT E k2o He . HbBR I S5 A AR OR = ).
R4 (D, SFUE KA v T A2

CpA
pP= (aAccicalibrated —Usrp — atir) / mp‘}% (15)
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76 [ 2017 4 9 H HE R RIS KA AR
b, AT DA RS 3 0 2 SO B KRR S
T FEE T S 95 A PR 4 Al S 1 ) A2 R ) 3
ARAZACRFAE. W22 ), BRI B2 R0 B |
T, HWOR TR REEMZ RTINS, ¥ish
LA AR DX S 0 58 B3R e 3 3 W) 5 0y
R, RENE L T R 40 I B2 R R ARRAE
WL 76T, I B v s S s A e B T A
9 H 7 H PR I E K SAEAE R R E B s I
XAl e 5 M RE 1) AE FREUAHOC

2 HHPJRKRARERA

FERUR AR B TR DA R 2 Tl e 0 5 A

# 1 ONERA FfH I B vk E SR AR b

Table 1 The technical indicators of some on-board electrostatic accelerometers made by ONERA

L4 STAR SuperSTAR GRADIO SuperSTAR-FO
HBHRIA CHAMP GRACE GOCE GRACE-FO
SR /(m/s? [HZ'?) 3%107° 10710 2% 10712 10710
PS8 H 1074~0.1 1074~0.1 5x1073~0.1 5x1075~2.5
HFE/(m/s?) 1074 *5%107° +£6.5%107° 5% 1074
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Fig. 7

Thermospheric mass densities retrieved from GRACE POD data and those from the accelerometer data during the 2017

September storm (in units of 1072 kg/m®). The interplanetary magnetic field B,, B, components, and the AE index are shown in

the bottom for reference (modified from Li and Lei, 2021b)
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(Montenbruck and Gill, 2000):

p=poeMH (16)
RT (h)
= 17
rag () a7

Hrbogh Z 2% B R A BE, BRI Kb s. R
HEETEEL T RERTEEE, my i KA 53
TR, g(h) N HUERTE Jy s B2, Ak He =X (16) A
(17D, JZAN AR 531 Bl e 55 1) S ko 22 AN [
DAL AN [ s 23 B s B 1) 2 AT AN [R]. 4 2 KAR 2 50
PR R ABE () S AR R R I T K R 3 Wl
B, AL R LR ECE AR, BRI
FERRS:, TSR 5 Beo IR B A3 A

U EY ox R W S TR TN O N N Y A
B LRI 55 BT LIRT 2 KA B 45 L.
TG TAE R BB B P I K% B AR 1 O

L) N R TRERIRL =S . H A
(206 Ak X 32 24 Jacchia, DTM. MSIS %5 & 41
X, SN Rl BRr, IR LRI R RE
VRS P2 B AR AN T E 5.

2.1 Jacchia &FIHE

Jacchia RAIFHI N _F 2075+ AT TR,
SO R DR AN 2 BEAE B SR 2 Fros. N BL J71 B
T S 5] 157 LA 24 Jacchia 15 3 575 (Jacchia, 1971;
Montenbruck and Gill, 2000) . 1 J& M4k A BH G5 LA
e MRS B VT B A BRI 2R T oo 3 A -
Too (t,0, 1) = Ty + AT (18)
Hp, TREKRBHTESI I, . FLLAH
AR AR 16 30 2R FE () R . AT oA 3R Hh i 3 5 5 3k
307 B PO S I Bk R I A E N 90 km
J5 b L B To = 183 K. 7 3R I ANk 5 T 1) 22 it
by RN L R BR BROC FR UT BE E AA
Gill (1996) #7T BA =R 2 1 xR 7 2% P Bl v
AL R AL, AR E R, wT L
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Table 2  Brief introductions of Jacchia models

&N K FHE Bl A S 4L % E= BT

J64 F10.7, Ap N,, O,, He, O, H Jacchia(1964)

770 F10.7, Ap(Kp) N,, O,, He, Ar, O, H Jacchia(1970)

171 F10.7, Ap(Kp) N,, O,, He, Ar, O, H Jacchia(1971)

177 F10.7, Ap(Kp) N,, Ar, He, O, H Jacchia(1977)
JB2006 F10.7, $10.7, M10.7, Ap N,, O,, O, Ar, He, H Bowman%#(2008a)
JB2008 F10.7, $10.7, M10.7, Y10, Dst N,, O,, O, Ar, He, H Bowman%:(2008b)

BT A BR B 2 7

5
logo(h,Tw) = > " e;jZ'T, (19)
=0

5
i=0 j
2.2 MSIS RHHER

MSIS ( Mass Spectrometer Incoherent Scatter)

PRI T AR T HUR TR I8 . BRA K DA ST A 46
R0 B AT, A RE P REAN T AR Bk 3 .
N EL MSTS86 A5k 491 fiff 4 iz B AT S %
(Hedin, 1987) . 5 Jacchia #=CAH{EL, MSIS 7
L S v SRR R BE A, SRR R % B2 %
U FE I HAGANEAT BIAN[R] o B R AUy o0 A, e fe
JITA B O3 28 TN ARAS KR . A R B B s i

AL R HN -
T (2) = Teo — Tiexp[—0e(z,21)] (20)

NP To=To[1 +G (L)) KRR 2L E, T=T\[1+
G(D)] 2k 120 km ARG SE. b, T AIT 53 5
PR P63 2 2R A 120 km AbSF I, 7E
B BE W HL Gh & i, KA
() 26 RE . RBH AL T 3 55 S B0 R BE 1 5%
Wi, £(z,21) = (z—2)(Rp —21)/(Ry +21)» R, =6356.77 km.
o =T}/ (Te=T), HPT=T\[1+G W) Ml R
JEARABATE.
LY=L T D S 1 3 NG 7

EIRGILFEEHII 45 R AR 120 km &5 AN RS
A 53 (B850 PS8 Dk i, U)oy B v 2 PR 4 ) B
TR N
n (e M) =[na G MY +nn e M)A €1 ) Ca2)
28

T2895-M; Q1)
HhngRom 9 Bk 2, na IR G K. 24
C1(2)- Cp (TR HABAE IE S I Jm AR K%k
I BVRHRS 731 IR My, R AN [ o oo 8 T A T4
FRAHE

A

Min(z, M;
p= Y, M 22)

HPNA =6.022x 102 mol™",  hy BlAR i 2 %5
MSIS90 Ji A4 12 A5 2 ) T 55 iy o A J7 2]t i)
(Hedin, 1991), J& 3% B i 0T F0 SE 50 & gk 42T
& 7 NRLMSISE00 Jit &< (Picone et al., 2002), 1§
JH (80 B0 0, 35 J5 D SR 3t 35 AR T P50 S 75 i O
W, LR B B . TR U A s A
PR PR HOE AR 5, RIS I T S 4
JOE R

2.3 DTM RFIER

DTM (Drag Temperature Model) #5 =X it F %
PR 20 A, g BEvE B A 1AL GE Bk
B IR R A% B, R DR = B DL 3R 4 B

#* 3 MSIS RAFEASEAN DL
Table 3  Brief introductions of MSIS models

&N KBHE S ASH RSy 275 3k

MSIS F10.7, Ap N,, O, Ar, He, O, H Hedin%:(1977a, 1977b)
MSIS83 F10.7, Ap N,, O,, Ar, He, O, H Hedin(1983)

MSIS86 F10.7, Ap N,, O, Ar, He, O, H, N Hedin(1987)

MSIS90 F10.7, Ap N,, O,, Ar, He, O, H, N Hedin(1991)

MSISE00 F10.7, Ap N,, O, Ar, He, O, H, N, 54 “0” Picone%(2002)

MSIS 2.0 F10.7, Ap N,, O,, Ar, He, O, H, N, 7% “0” Emmert%5(2021)
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Table 4 Brief introductions of DTM models
JA K I B A S5 % E=BUN
DTM78 F10.7, Kp N,, He, O Barlier:(1978)
DTM94 F10.7, Kp N,, He, O, H Berger®:(1998)
DTM2000 Mgll, Kp N,, He, O, H BruinsmaZ¥(2003)
DTM2009 F10.7, Kp N,, He, O, H BruinsmaZ§(2012)
DTM2013 F30(F10.7), am(Kp) N,, Oy, He, O, H Bruinsma(2015)

7. AR3CLL DTM-94 B0 ] Tk A S (Ber-
geretal., 1998) . B iz THAL T RB G il i

T =T[1+G(L)] (23)
NG % A E T SF
ni(2) = alexplG; (L)) f; (2) (24)

b, TONHH, AR PRI, P
AR TE 120 ki #1E 1 FBIK . B G (D)5

MSIS #E3E SUHIAL. fi ()0 2 T4 BT 7 REA3 21
125 18 Bt e 2 23 A1 b 2. 5 B 0 B A B2 R

BB R PR R B
24 mERAEER

FAT 3R = A D2 KA A B0 2l T A
2399 MSIS 2.0, JB2008 I DTM2013, H &5 &
W 5 Frn (Emmert, 2015; 5 F)%K, 2019) .
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Table 5 Summary of the selected empirical thermosphere models
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Fig. 8 The exospheric temperature derived from MSISE0O and
thermospheric density
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Fig. 9 Thermospheric density (a) and exospheric temperature
(b) derived from CHAMP observation and MSISE00
empirical model

T} =aT! (26)
T{ =b;l; 27)
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Fig. 10 The statistics of relative errors of (a) exospheric tem-
perature and (b) density with GRACE measurements
for the ETM (blue line) and MSISEOO (red line)
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Fig. 11 Variations of the basis functions (a-¢) PC1-PCS5 as a function of local time and latitude and (f) their relative contributions to
the total variance (modified from Ruan et al., 2018)
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Fig. 13 The altitude profiles of the temporal and spatial averaged (a) temperature and (c) density from Limb observations (gray dot-
ted lines) and the corresponding simulation results from TIEGCM (blue dotted lines) and PIDA (red dotted lines). The mean
ratio of the simulation results (blue line for TIEGCM; red line for PIDA) to observations for (b) temperature and (d) density.
The standard deviations were marked by the corresponding colored shading in (b) and (d) (modified from Ren and Lei, 2020)
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Fig. 15 Statistical results for the 30-day forecast from the
GOFT and TIEGCM. The GOFT (red line) and
TIEGCM (blue line) averaged relative forecasting
errors with the standard deviations (corresponding co-
lored shading) for the orbital mean mass density from
(a) CHAMP and (b) GRACE satellites during the 30-
day forecast interval. The statistical average of the rela-
tive forecasting errors for limb orbital mean mass den-

sity by TIMED-GUVI from the (c) TIEGCM and (d)

GOFT (modified from Ren and Lei, 2022)
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