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OTKpbITUE NoHOCHEPLI UMEET CBOKO MHTEPECHYIO UCTOPMUIO.

BbiBOA, O CyLWlEecTBOBaHUM B KOCMOCE Ha 3eMNEN

nposoasaLllen obnactn 6bin HE3ABUCUMMO CAENAH, UCXOOA U3
HabnaeHnn:

1) Bapmaumm MI3,
2) cBepxAanbHEro pacnpoCcTPaHEeHMNA PAJNOBOJIH.

[Nonroe Bpems (0o 30-x rogoB XX cT.) pakTtbl 1) n 2)
N3y4yasiMcb NapaanesibHoO N HE3aBUCUMO.

[To3TOMY O4YeHb NPaBUAbHOE HAa3BaHMUE FOJIOBHOMO
coBeTckoro nHctutyta: USMHUPAH
— MIHCTUTYT 3eéMHOro MmarHeTM3ama, MoHocdepbl U
pacnpocTpaHeHuna pagmosonH (AH CCCP).
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lonospheric Effects on Radio Applications
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AHanuTuyeckoe npeacrasneHme moHocdogepsl

lon Production by Solar EUV
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Komy u lNoyemy aHanUTU4YECKUX npe,qCTaBneHMM HeaoCTaToOYHO?
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AmvepukaHckana 6a3a paHHbIX Mogenem
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https://ccmc.gsfc.nasa.gov/

AdeBu3 amnupumueckux mogeneu (M He TONbKO)

Sometimes simple is preferable to complicated.

UHorpa NPocCToe npeanodtTutenbHee CA0XKHOro



Imnupuueckue mogenum (MpuHUMN NOCTPOEeHMA)

ISIS 1 (RCA Ltd. photo)

Polar Gateways Meeting
Barrow, Alaska, Jan 23-29,
2008

Data Sources
Instrument| Platform Used for Comments
Ionosondes; Worldwide | N, from E | Fifties to
Network to F2 now
Incoherent| Jicamarca, |N, profile |Few radars,
Scatter Arecibo, (E- valley) |many
Radar St. Santin, |T,, T, parameters
MillstoneH.,
Malvern,
Topside |Alouette 1,2 [N, topside |newer data
Sounder |[ISIS1,2 profile from Ohzora,
ISS-b, IK-19
Insitu AE-C,-D,-E | N, topside |many more:
Aeros-A,-B| profile,T,,T,; DMSP, OGO
IK-24, DE-2|ion comp. Hinotori
Rocket data N, D-region, | sparse
compilations| Ion comp. data set

http://IRI.gsfc.nasa.gov




HaHHble gna nocTtpoeHuua mogenu MSIS

NRLMSISE-00 Data
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dopmanuam amnupuueckom mogenm Ha npumepe IRI

Maremarnyeckue QyHKIIMM: ‘
In100anbHOE pacnpeaesieHue: Topside (1]
chepuyeckue rAapPMOHMKHU,  bwr2
CenHaJIbHbIC PYHKIIUH F2 (2l
hmF1 —
7 F1 (3) - !
BpeMennbie Bapuanum: HSTI= — —Intarmed. i) 77/ — %
dypbe-pa3iioKeHune, T 1
. hyvp{--E-Valley (5] — 0 HBR
NpocThIe sin/cos, b SN
MR
nomaroBbie PyHKIUN i |
|
Nvs NImE NmF1 NmF2

BbICOTHBIN IPOPUIIB: tog N .
INIITEHHOBCKUE (PyHKIIMHT

Polar Gateways Meeting

Barrow, Alaska, Jan 23-29, http://IRl.gsfc.nasa.gov 13
2008



IdMnUMpmuecKue moaenu, BKnwovamwiwme rtepmocdcepy

UT=18h 100 km

Density and Temperature Models

« Exospheric H Model [info, fip]

« NRLMSISE-00 Model [info, RUN
ftp, link]

« MSISE-90 Model [info, fip, RUN ]

« MSIS-86 Model [info, ftp] S

« MET Model [info, ftp]

« CIRA: Thermosphere [info]

« CIRA: 0 Kkm to 120 km [info, ftp]

» OLDER MODELS (pre-1985)
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« Horizontal Wind Model (HWM) [info, ftp]
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Kparkuii 0030p moaenu IRI

Mopaeney IRl

OIIMCBIBACT KIUMATU4YCCKOC ITOBCACHUC PIOHOC(I)epH H YyCICIIHO

UCToJIb3yeTcs Ha npoTsnkeHun Oonee 40 net. MccnenoBanus nokasbiaiot, uto Mozaelnsb IRI B
CpPEIHEM JAeT XOPOIIME PE3YJBTaThbl MO BOCHPOU3BEJCHHI0 MOHOC(EPHBIX MapaMeTpoB B

pa3yInYHbIX YCIIOBUAX.

CCIR - 1967
Jones and Gallet, 1962
Jones et al., 1969
Nono3ong 1954-1958

MounxenbHeie 3HA4YCHUSA
MOHOC(EpHBIX MapaMeTpOB
B I0’KHOM TIOJTyIIapUHU ¥ HaJ|

OKE€aHaMM IOy 4aroTCs
JKCTpanoIsUen BJIOJIb
JIUHUAM MOCTOSHHOTO

MAarduTHOIO AMIIO0JIA.
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URSI - 1988
Fox and MecNamara,1988
Rush et al.,1989

Oxkono 45,000 wmaccuBoB
CPEIHEMECAYHBIX  JaHHBIX
30HIWPOBAHUS HOHOCHEPHI.
TeopeTuueckas MOJIEJIb
NIPUBOJUTCS B COOTBETCTBHE
C 3HAUYCHMSIMHU [apaMeTpa
foF2, maOmomarommumucs Ha
MHUPOBOM CETH CTaHIIMM.

Pesynbrarel moaennposanus ¢ ommueii URSI

Latitude

200 300
Longitude

IRTAM - 2012
Galkin, Reinisch, Huang and
Bilitza, 2012

45 unudpoBbIX HOHO30H]I0B

Wcnons3yercs Non-linear
Error Compensating Technique
for Associative Restoration

(NECTAR) nmnst  yTouHEHHS
ko3punuentoe CCIR wu
CpaBHCHHUS MOJICITBHBIX
pe3yinbTaToB € JIaHHBIMH

HaOJIOIEHUH, TIOJTyYeHHBIMU B
p€aJlbHOM BpEMCHH Ha CCTHU
HOHO30HJIOB Global
lonosphere Radio Observatory
(GIRQ)).



IIpenmyniecTBa CNYTHUKOBBLIX HAOJIIOICHM A

MOHO30HIb! 1. ImobanbHOE MOKpPLITHE

90

1 nens usmepenntii P3

Geographic Latitude
(=]

180 210 240 270 300 330 O 30 60 90 120 150 180
Geographic Longitude

2. TpexmepHasi CTPYKTYpa HOHOC(epEI

\‘Q

Lin et al., 2009



baHK JaHHBIX
5500 000 COSMIC npoduieit (2006-2015)
200 000 GRACE mpodmuneii (2007-2015)
300 000 CHAMP mipocureii (2001-2008)

http://cdaac-www.cosmic.ucar.edu/cdaac/products.html - maccuB manHBIX
http://lasp.colorado.edu/lisird/tss/noaa radio flux.html - 3pauenns F10.7

KommuecTBo 1anneix COSMIC, CHAMP, GRACE
Hronn, 12:00 LT Jexaops, 24:00 LT

Measurements count Measurements count
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Jna monean MIT )
200 000 N(h)-npoduneii MaTepkocmoc-19
IN-Situ Ne Ha cnyrHuke CHAMP  http://www.izmiran.ru/ionosphere/sm-mit/



http://www.izmiran.ru/ionosphere/sm-mit/
http://www.izmiran.ru/ionosphere/sm-mit/
http://www.izmiran.ru/ionosphere/sm-mit/
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Llenu m orpaHMuYeHa SaMNUpPUYECKUX Mmoagenemn

» Mopev UCTIO/Ib3YIOTCS TJIABHBIM 00pa3oM J1Jist
crienuuKay U IIPOTHOCTUYECKUX IeJIe.

» Yacto FICIIOJIB3YIOTCS KaK BXOJIHBIE TAHHBIE /17151
YK CJIEHHBIX MOJIeJIeU CBA3aHHBIX 00JIacTeun.

» IMOHUpPUYECKHe MOJEH OMKUChIBAIOT HEKOE CpeHee
(KJIMMaTHUYecKoe) COCTOSIHUE.

» Mojenau peaJuCTUYHBI B IPOCTPAHCTBEHHO —
BpeMEHHBIX 00J1aCTAX, JOCTATOYHO OXBAUEHHBIX
HaOJIIOJICHUAMU.

> Jlerku B UCIIOJIb30BAHUU.

» MaJjio IpuMeHHNMBI JIJIs1 TeJIN0OTe0(PU3NUECKHUX COOBITUM



Tunbl UMCINeHHbIX mogenem cucrtembl T/U

 MonocdepHsie
Physics-Based (stand-alone)

Mogesin TamuinHa, I1aBiaoBa, I'ommnkoBa n KostecHuka,

MuHrasieBa
(USU-TDIM, IPM, IFM, FLIP, SUPIM)
BCe ATHU MOJIeIN UCHOJAb3YIOT JUPPYy3OHHOE IPUOIKEHE

« CamocoriiacoBaHHbIE MO/JIEJIU CUCTEMbBI
TepMmocdepa-uoHocpepa
Coupled Physics-Based

UAM, I'CM THUII, EAGLE

(TIE-GCM, TIME-GCM, CTIM, CTIP, CMIT, GAIA, WAM)
BO BCeX ATUX MOJEJIAX TepMocdepa 0 BEPTUKAIIU B
TUZIPOCTaTUYECKOM, a HoHOCc(hepa B AUPPYy3OHHOM
IIPUOJIHKEHUU



Physics-Based Models

(stand-alone ionosphere)

Mojiesii 4YHiCIeEHHO pemniaioT 3-D fuHaMmudeckrue ypaBHEHUSA

HEIIPEPHIBHOCTHU, ABYXKEHHUA U COXPAHEHHU SHEPTUHU JJIA SJIEKTPOHOB U
nonoB (NO*, O,*, N,*, N*, O*, He*, H").

Bce BaskHBbIE XUMUYECKHE PeaKINU U IIPOIecChl IEpeH0ca YUUTHIBAIOTCSA
(noHuzany, nepesapsAaKa 1 peKoMOMHaNUsA, aMOUIIOJIAPHAA U TEILJIOBad
nnddysus, i-1, 1-n 4 e-n coygapeHus, u T.1.).

Takue Moges i B OCHOBHOM HCIIOJIB3YIOTCA JJI HAYYHBIX UCCIE€JOBAHUU.

TpebytoTesi:

MarauTtocdepHble BXOIHbBIE ITapaMeTPhI - (MarHUTOChEepHAsA KOHBEKITHS U
BBICBITIAHUS aBPOPAIbHBIX YACTHII)

ATtMocdepHble BXOZIHbIE TapaMeTpPhI - (HelTpaibHas IJIOTHOCTb,
TeMIlepaTypa U BETEP)

JluHamo nosie u OypeBoe 3IeKTpUUeCcKOoe MoJie Ha HU3KUX IIHPOTaxX
I'eomarauTHOe noJie (bukcupoBaHHOe, 6€3 BpeMEHHbBIX BapHUallil)

OOBIYHO BCE 9TO 3a/a€TCH U3 COOTBETCTBYIOIIUX IMIMPUIECKUX
MO/IeJIe.



NMpumep yuetra achcdhekroB reomarHUTHOM 6ypm

100 T T I I I T T T I I I I T T T I I I T
a, ExB drift

50

— "'/-'_-H__ :
— —F—‘_'-/ W — I—
50} V V .
21 23

Drift (ms™")
o

_100 1 1 1 1 1
15 17 19

01 03 05 07 09 11 13 15UT
Time, LT = UT + 9 .

100

wind (ms™)

Ratio

D | | | | | | | |
45 40 30 20 10 0 -10 -20 -30 -40-45 10 0 -10 -20 -30 -40-45
Latitude Latitude (degrees)

Balan et al., 2009



BeTtep m nonoxurenoHana cbasa mnoHoccepHom 6ypm
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C03z[aTeJ1nMoz(eJm I'CM TI/IH (Tpoe CJIeEBA)

+I/IB KapHOB D. C Beccapaﬁ BA CyporkuH




Kparkoe onncanne mogenu I CM THUII

TepmocdepHbie TapaMeTpHI.
T., O, N,, O, NO, N(*S),N(°D)
IJIOTHOCTH; BEKTOPaA CKOPOCTEN;

(or 80 xM 10 526 KM)

HMonochepHble mapamMeTphl.
wioraoctu O, HY, Mol™:
T,ul,

BEKTOPA CKOPOCTEHU MOHOB
(or 80 kM 1o 15 pamgmycoB 3emiin)

DJIEKTPUYIECKOE MOJIE!
B Mozenn ucnonb3yeTcs HOBBIM OJIOK
pacyeTa dJIEKTPUYECKOTO

IMOTEHIHAIA
Knumenko u op., 2006, 2007.

\ 4

I'mobansHass CamocorinacoBaHHas
Mogenb Tepmocdepsl,
HNonocheppr u IIporoHochepsl
(I'CM THII), pazpaboraHHas B

30 USMHUPAH. Monenr I'CM
TUII neranbHO onmMcaHa

Hamzanaoze u O0p.,
Kopenwvkoe u op., 1998.

1988;
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Correlation coefficients based on 81 days sample length between relative quasi-27-
days variations rfoF2 (or rTEC) and rF10.7 and corresponding time delays.



BepTukaabHas CTpYKTYpa 3ajepxku N, oTHocHTeabLHO Fyp;

Cross-Correlation N,(h) vs. Fq 7 Poker Flat
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Co/iHeYHO-MArHUTOC(hepHOE BIMAHHIE




St. Patrick'S Day » | ' | Imageby‘RonnandMarketj’JMU;"I'-ay
Storm of 2015 | |

15/03/15 16/0315 17/03/15 18/03/15 19/03/15 20/03/15 ' 21/03/15
JGR special issue in 2017




Bxoanbie mapamerpsl I'CM THUII

Cross-polar cap potential

Energy and energy flux of auroral electrons A® (xV) =38 +0.089 x AE
Feschenko, Maltsev (2003)
Energy Flux (erg/cm?) Energy (keV) 250 é
> 200 —
G 150 —
é 100 —
50 —
0 :HH\H‘HH\H‘HH\H‘HH\H‘\HHH‘\HHH‘H\HH
24 25 26 27 28 29 30
September 2011
Region 2 field-aligned currents (R2 FAC)
jo, (A/M?) =3 x 108+ 1.2 x101% x AE
__ Cheng et al. (2008), Snekvik et al. (2007)
Empirical model -
Vorobyov and Yagodkina (2005, 2008) E 4
or Zhang and Paxton (2008) N
G2
T
o 1=
LatitUdinaldisplacementOfRZFAC * :\H\\H‘H\HH‘\\H\H‘\H\H\‘\HHH‘\HHH‘H\HH
24 25 26 27 28 29 30
September 2011
Sojka, J.J., R.W. Schunk, and W.F. Denig (1994)
+65° naa AD <40 kB; +60° gas 40 kB < 4 @< 50 kB;
+55° nasa 50 kB < 4 @< 88.5 kB; +50° nas 88.5 kB < 4@<127 kB;
+45° poist 127 kB < A P< 165.4 KB; +40° naist 165.4 kB < 4 @< 200 kB;

+35° nasa 200 kB <A@



A3BIK HOHU3BIMY BO BpeMs r€OMArHUTHOU OypH

GPS ATEC TIE GCM ATEC GSM TIPATEC

, 17.03.2015 220 18:00 UT

ATEC (TECU)

" NH

A TEC (TECU)
-6 0 6

00 MLT

Liu et al., 2016 JGR Klimenko et al., 2019 SW



MoneasHnbie Bo3mymenus 1 EC u Vntet

ATEC AVntet

12 MLT

12 MLT

17.03.2015 00:00 UT 17.03.2015

00:00 UT

ATEC (TECU) AV (m/s)
500
|
_______ w10 ™ 300
S 200
18 0 18 100

-5 0
SRR L N\ e, -10€
s -200
0 =300

NH h =300 km NH
00 MLT 00 MLT

latitudinal circles from 30 deg North to pole
Disturbances in ExB horisontal plasma drift is presented
by isolines




bypeBoi 1 mocjied0ypeBoii HOHOC(EPHBIA OTKJIMK

Klimenko et al., 2015, 2017 Geomagnetism and Aeronomy, ANGEO

Klimenko et al.,
2018 JASTP

GPSATEC

model ATEC

model AfoFF2
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IlocaenercTBae CTPATOCHEPHBIX MOTEMJICHUN
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Figure 5. Latitude versus day distributions of daytime GUVI O/N; ratio at 88°E longitude during major warmings. Vertical dashed lines denote onsets (black) and
pezks (red] of the warmings. Variations in AE and Fyg 7 indexes are presented in the same way as for Figure 4.

Yasyukevich, A. S. (2018). Variations in ionospheric peak electron density during sudden
stratospheric warmings in the Arctic region. Journal of Geophysical Research: Space
Physics, 123. https://doi.org/10.1002/2017JA024739



EavHaa mopenb atmocdepobl Kak
MHCTPYMEHT UCCNEeN0BaHUA

CtpatocdepHoe notennenue
BAnAHME reOMarHUTHbIX BO3MYLWEHUA HA O30HOBbLIA CNOU

Ponb atmocdepHbIX NPUNUBOB B INEKTPOAUHAMUKE MOHOCPHEPDI
MeTeoKoHTPONL HOHOCHEPDI
nobanbHaa aneKkTpuyeckan uenb
AKYCTUKO-TPaBUTALUOHHbLIE BO/NHDI
Me3ocdepHana AMHaAMUKA *'

e [pouecchl B BepxHeW
aTtmocodepe




PesyanTaTsl MogeabHbIX pacuero (BCII 2009)
Whole Atmospheric Model ~ T hermosphere lonosphere  Global Atmosphere,

(WAM) (0 — 600 km) Mesosphere Electrodynamics |onosphere, Aeronomy
+ CTIP model General Circulation Model  ©Model (GAIA)
Fuller-Rowell et al., 2011, (TIMEGCM) (30 -600km) (0 — 3000 km)
2010 Liuetal., 2002, 2005, 2010; i gt a1., 2012 Liu et al.,
Yamashita et al., 2010
2012
GPS TEC difference at 75°W Observed data
_ """ Gonicharenko etal’, 2010 GRL Chau et al., 2010 JGR
Eg 0 b — % \
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Local time (hours)
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HoBast MoaeJsib Bcer aTMoc(ephl

ERA- Stratosph
Interim eric
nudging aerosols

Physics &

Dynamics
0-180(280) km, L119
1.9°-1.9°, T63
Column physics
Tracer transport

Sea ice
Sea
temperature

Solar
irradian
ce

Chemistry

48 species
107 neutral reactions
46 photolysis reactions
18 ion-involved
reactions

lonizati
on rates
MA

#UFC242 "

D, E, F1 lonosphere

80-175 km
Mostly molecular ions, electrons
lon-involved reactions
lon, electron/neutral interactions

precipita
tion q
Fiel d/- Electric

aligned field

F2 lonosphere,

Protonosphere
175-100000 km

Mostly atomic ions, electrons
Quasihydrodynami

Kiaumenko u ap., 2017, 2018; Bacuabes u ap., 2019 W)
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HAMMONIA + GSMTIP = EAGLE (Entire Atmosphere Global Model)

CCM HAMMONIA GSM TIP

Vertical o-levels Heights
coordinates

Horizontal space Spectral Grid point
Horizontal 1.9°-1.9° 5°-5°
resolution

Horizontal grid Geographic Geomagnetic
Dynamical 3 min 1 min

timestep ?

Parallelized Yes No

Vertical domain 0-200 km 80-500 km ?
Shared data Temperature, densities, lon drag, Joule heating, NO? ?

winds

W 1,2,3,4,n

HAMMONIA =»> 1. & =» \mf -> =0 04 =>0 4 => GSMTIP
ltimestep <= <= i/ <=

<= <= @ <= 3time steps
(0

1 mogenbHbI mecay = 3-5 AHA Ha 64 npoueccopax C YacoBbiM A
T ETH BbIBOAOM U 3-X MUHYTHOW Nepegayen omod ' wre &/

N




TEC Bo Bpemss BCII 2009

GPSTEC, TECU  Jan 15,2009 A=75°W
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N(O)/n(N2) B suBape 2009 roga
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CoJyiHeYHbIEe IPOTOHHBbIE COOBITHUSA

Proton Flux Measurements by GOES 11 (Particles cm2 s sr?)
(Edgar A. Bering et al, 2015)
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Ot1kiuk II9C Ha cojtHeYHOE IPOTOHHOE COOBITHE
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Mpobnembl UNCNEHHDbIX moaeneu

¢ YnpoLlieHHaa maTemaTtmyeckaa GopmynanpoBKa

-2 AnddysnoHHOe NpubankeHue, rmapocTaTuKa.

e HeonpepeneHHble NnapameTpbl

— CKOPOCTU XMMUYECKUX peaKLMi, YaCTOTbl

CTO/IKHOBEHWUU U T.A.

¢ [pocTpaHcTBEHHbIE & BpeMeHHble
pa3pelueHusn rpybbie

¢ YunTbiBalOTCA He BCe pu3nyecKmne npoueccobl

- Entire Chapman Conference was dedicated to these problems



OT 1 Py3MOHHON MOCTAHOBKH K CHCTEMe YPABHEHM M
TMAPOAUHAMUKHA B S-MOMEHTHOM NMPUOIHKEHUH

1. Ion continuity:

Bni
B + V- V) =P — Liny (1)

2. Ion velocity:

aV; it é e
— 4V, VW, = ——VP;, + —E + —YV; XB+g
of ol m; m;c

— (Vi = V) = Y (Vi = V) — v (Vip Vi =0 ()

J
3. lon temperature:

aT; 2 2 1
— + V¥V VL + =LV -V + =—V Q= O ij ie 3
= +z = Q=0int+0Qi+¢ (3)

YpasHeHna SAMI3 — nepBoun rnobanbHOM
rmapoaAMHaMnU4YecKkom moaenn noHocdepbl
Huba et al., 2000 JGR



UcTtopua rmppoamHaMmmuecKmx moaenem noHocdepbl

Kmumenko B. B. Biausinue ce30HHON MMMETpUM Ha MOJTHEHUE TIJIa€HHOW TPYOKH. [ eoMarHeTusm u
asporomus, 1983, 23(3), 490-493 (cucteMa ypaBHEHUM B 5S-MOMEHTHOM TPHUOIMKCHIH )

1 v~ Kimmmenko B. B., Hansangn H.C. MccnenoBanue BIUSIHUSA IIOTOKOB
y ls  Temuia Ha HAIOJHEHHUE TUIA3MEHHOM TpyOKkH. ['eomMaraeTusm u
ls : aspoHomusi, 1996, 36(5), 15-25 (cneBa mokazaHbl pe3yabTaThl,
L ' TIONyYeHHBIE B 8-MOMECHTHOM NpUOIKEHNH, CTIpaBa — B 5-
J " MOMEHTHOM
“ m—y ’ e O etiyeying & Paccauranroe
! % v E od Mm o  ToBenenume N(HY) u T,
” { I ; £ i B IIPOIIECCE
N . , " “ ’l’.f‘,;' A VoW 3aI0JIHEHHS
M L et gu- e 1" masmenoi TpyOKH ¢
| A . it jfm L=4 Ha BbIcOTE 20000
’ . ot KM (8-MOMEHTHOE
o e " | IPUOIMKEHHE).
-« o Y A A O I B A R A 2
T e N o ) a7 h=427) km b X

a) bpicTphIi cCBepX3BYKOBOM OTTOK MOHOB H' U3 conpsizxkeHHBIX HOHOCPEpP HA paHHUX
CTAUAX HANOJHEHUS.

0) IIporuBoTok MoHOB H*, Takke HAOMIOAOIIUIICA B 3TH PAHHHME YACHI.

B) Cocrosinne 11 ¢y3noHHOI0 paBHOBECUS, KOTOPOE JOCTUIAETCH, KOI1a 1BA MOTOKA
HOHOB TEPMAJM3YKTCH, U HA0JII0A2€TCH YMEHbIICHHE CBEPX3BYKOBbIX CKOPOCTEH,
JOCTHUTHYTHIX HA PAHHUX CTaJUAX.
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Refilling of geomagnetic

force tubes with a thermal Krall J., and J.D. Huba, SAMI3
plasma after magnetic simulation of plasmasphere refilling,
(o000 o 1 disturbance. Ann. Geophys. Geophys. Res. Lett., 40, 2484-2488,

O LAYs 19 1982, 38(1), 25-32. 2013.



EaMHcTBeHHaa rnobanbHasa rmapoamHamMmuyeckKasn

Moaenb noHocdepsl
GRID COMPARISON

lagrangian, orthogonal eulerian, nonorthogonal eulerian
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CkopocTb BeTpa, M/cek
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Bnmll-me oporpacbvm Ha BepTMKaanbIM BeTep
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MNaopoavHamumueckaa mogenb cucrtemsl T/U
The Global lonosphere-Thermosphere Model

GITM solves for: HUSREIN ARRZIOTTBITONM  fe s
6 Neutral & 5 lon Species '
Neutral winds
lon and Electron Velocities

Neutral, lon and Electron
Temperatures

at 177.5 deg Longitude

At AECIRORAR ALl
N HHl!ﬂmlmmﬁﬂﬁiﬁliiiilililllmlmlllilllmiﬁmﬁ

GITM Features: SRR i (NI

Flexible grid resolution
Solves in Altitude coordinates

Can have non-hydrostatic solution
e Coriolis
e Vertical lon Drag
e Non-constant Gravity
e Massive heating in auroral zone

Runs in 1D and 3D

Vertical winds for each major species
with friction coefficients

Non-steady state explicit chemistry

Variety of high-latitude and Solar EUV
drivers

Fly satellites through model
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CynepxomMneroTepHass MOAEAB

aTMocdepHBIX NIPOILECCOB

8p+8pu+8pv+8pw=0
o0 ox oy oz

2
opu , pu’ | dpuv Gpuw_ P 0 Ly Ly
ot OX 8y Oz OX 8Xi 8Xi
2
dpv . Opuv N opv + Opvw _ _@+£5(z)a_u+ 2pw,\,
ot ox oy o oy ox ox

apw_l_ 6puw+ apvw_l_ opw* _ oP 4 0 5( )8W
ot OX oy 0z 0z OX

1 (oP oOPu oPv oPw 0 oT oV, oV
= _P(VV )+ — - Tk 7k ’
y—l(@t Ty a j (Vo) 5 2 +e) +Q(2)

1. Kshevetskii S.P. Analytycal and numerical investigation of nonlinear internal gravity waves. Nonlinear processess in
geophysics. 2001. 8. 37-51.

2. Kshevetskii S.P. Numerical symulation of nonlinear internal gravity waves. Computational Mathematics and
Mathematical Physics. 2001. v.41. N12. pp. 1777-1791.

3. Kshevetskii S.P. Modeling of propagation of internal gravity waves in gases. Computational Mathematics and
Mathematical Physics. 2001. v.41. N2. pp. 273-288.



Bo3MyllleHHSI BEpXHEH aTMocdepshl
BCAEACTBHE PACIIPOCTPAHEHHA H

auccunanuu AI'B oT HCTOYHHEKA HA

IIOBEPXHOCTH 3€MAH

Wave perturbation
of temperature.
Modeling

Temperature change.
Modeling
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[Karpov et. al, 2016] explores methods of
mathematical modeling the spread of AGW in the
upper atmosphere from the surface source.
According to theoretical studies, that above the
source at an altitude of ~ 200 km due to the
dissipation of the AGW heating a region of the
atmosphere with a horizontal scale of about 1000
km with a duration of operation of the power ~ 1
hour. The emergence of the heated region changes
the propagation conditions of AGW and leads to the
waveguide propagation of waves with periods
shorter than the Brunt-Vaisala period. The upper
boundary of the waveguide is formed heated region

| of the upper atmosphere. In the figure shows mean

temperature in the upper atmosphere and wave
temperature perturbations in the upper atmosphere
produced by a ground-based AGW source. 2 hours
after the power switching can be noted a significant

4 change in wave propagation mode is manifested in

the character of the waveguide propagation of
atmospheric waves in the region below ~ 200 km,
and the absence of wave disturbances above 250-
300 km.




Bo3MyllleHHSI BEpXHEH aTMocdepshl
BCAE€ACTBHE PACIIPOCTPAHEHHA H
AHCcHNIallHH AI'B oT ABHIKyIIerocsa
HCTOYHHKA

400 800 1200 1600
Distance (km)




MoapenuposaHue cemcmo-moHocdepHbix achdhekrTos

Schematic representation of coupling processes lonospheric seismology




Cvumbmo3 Tpex mopgenem

(cemcmunueckux BonH, armocdepbl, MOHOChepbl)
Modeling approach

Previous results:
S [Zettergren and Snively, JGR, 2015, 2019;
Zettergren et al., JGR, 2017]

MAGIC 3D
neutral atmosphere model

GEMINI
fonosphere mod

[Zettergren and
Semeter, JGR, 2012]

nonlinear multifluid electrodynamic
conservation equations simulation

[Snively, GRL, 2013]

Direct numerical nonlinear compressible
Navier-Stokes equations simulation

SPECFEMS3D

olrwalu

wave propagation model

[Komatitsch and Tromp, GJI, 2002]



3emnerpaceHume B Hoeom 3enanpgum 2016 ropa
2016 New Zealand M7.8 earthquake

Vertical displacements. SAR azimuth and range offsets data
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Origin time: 2016-11-14 00:02:56 LT (NZDT)
Location: ~ 42.737°S 173.054°E
Depth: ~ 15.1 km

SAR azimuth and range offsets data: lan Hamling

Credits: Kate Pedley, University of Canterbury




Pe3yn bTaThbl MogemmMposaHuA

2016 New Zealand M7.8 earthquake. Modeling

SPECFEM 3D >>>>> MAGIC 3D >>>>> GEMINI 2D
11/13/2016
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Kinematic slip model: [Holden et al., 2017] . ]
modified with [Xu et al., 2018] Meridional slice along 174°E



CpaBHeHme ¢ paHHbIMM NMIAC

2016 New Zealand M7.8 earthquake. Total electron content perturbations
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He3saBucumblie uccneposaHmna CCMC ebiasunu:

» OnpepeneHue cornacmsa mexay MoHochepHbIMU
moaenamm U HabargeHnamm asnaeTca
C/I0XKHbIM.

> Yawe moaenn ogHou noHocoepbl ayylue
cornacyrorca ¢ HabnoaeHnamm, yem moaenm
cuctembl Tepmocdepa-noHocodepa.

ACCUMUNALUNOHHDbIE MOAENN COTNAaCYOTCA C
HabngeHnaAMMU 1 MOryT NOMoyb B MOHUMAHUMN
noHocdepHbIX moaenen!



Data Assimilation Models

» Models combine measurements from observing system with the
information obtained from theoretical model trough the data
assimilation technique.

» The outputs of 3-D ionosphere have parameters closer to the
observations.

» They estimate physical drivers (neutral wind, neutral composition,
electric field, etc.) that are self-consistent with the calculated
ionospheric parameters.

» Assimilated data may have *
different sources. /




Data Assimilation Models

Example:

GAIM-FP Global Assimilation of Ionospheric Measurements-Full Physics (9o-
20,000 km)

Physics-Based
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Data assimilation
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Global TEC data

geo-latitude (degrees)
-SIU 4]

&0

T T
"D 30 ED 90 120 150 180 210 240 270 300 330 G360
geo-longitude (degrees)

2003/320 0:00



Meridianal wind (ms")
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MeToa KOppeKIuHA MO HOHOChepbI

http://irimodel.org/indices/ig_rz.dat

| 1 | 0, — yTOJI MecTa .

Z i

‘b @k@ o>45° 1 sTan /’——\\
>~ NeQuick — 2 o

RI-Plas
07 STECobs

| STECmod |

' TEC,;,.— sTEC 2
mznZ(s obs — S mod) new Rz12

1 war Koppekuum 2 War KoppeKuuu

Azim Elev TECobs Rz12 TECmod dTEC Rz12 TECmod dTEC Rz12 Azim Elev dTEC

Be3 Koppekuuun

266.5 56.0 43.08 29.72 13.36 39.85 3.23 106 54.67 28.25 -0.09
166.3 53.8 45.12 114 3410 11.02 150 46.05 -0.93 134 79.24 29.84 0.01
199.3 55.4 43.66 32.94 10.71 4482 -1.16 128 87.94 19.50 -0.53

127.9 62.2 10.34 13.61 -3.27 72 1033 0.01 104 1278 15.37 -0.09



Ilupora, rpan

IlpocTpaHCcTBEHHOE pacnpeaejieHue

3 (PEeKTHBHOCTH METOAa KOPPEKUHHU
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UccaenoBanue Bonpoca padorsl MeTOAa KOPPEKUNHU

IMINUPHUYECKUX MOJeJIell M0 JaHHBIM IPUEMHHUKOB
I'HCC curnaJios
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Interaction between the “lower/middle atmosphere” and the “upper

14
atmosphere
UT=0h 100 km
! 500 km

Coyrtes.y of Cora E. Randall, . / -\ iy

Janer . Konyrs, vy of Wave Spectrum

Michigan, Ann Arbor; and Scott M. : ------- - ---1-'-------;

Bailey, Virginia Institute of Grav'ty Waves
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IMAGE FUV lonospheric Emission

Tropospheric
Tidal Effects
In the
Earth’s
lonosphere

100 200
135.6 Ol Emission Brightness (Rayleighs)

180 120W 60W 0 60E 120E 180
after Hagan et al. [2007]
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Bpems X1U3HU U Bpemsa nepeHoca 4actul,

on, — y _
=q, — |e -V- neve OCHOBHOW 3aKOH: CKOPOCTb M3MEHEHUA KOHLUEHTpaLumn

nrasmbl = MOHU3aLUMNA MUHYC PpEKOMBMHaLUMA MUHYC (MNOC)
Apend

I'IpoaHanmsmpyeM notepun naasmsbl — ABa nocjiegHnx 4ieHa B npaBoM 4acCTu.

Beeném Bpems nepeHoca (anddysum) iy :

. ~ L
? (27)*D(2)

3pecb L ~ 100 km — BepTMKanbHbIA maclutab noHocdepbl.

Bpems usHu t; : a;te = T—Ie =1, rpe | — Temn pekombuHaumm (BbluMcnaeTca panee)
BbicoTa Bpemsa XusHu t, Bpemsa nepeHoca t,
(no bproHennu-Hamranaase) (no JleoHTbLEBY)
100 Km 1 MUH (oeHb) — 1 yac (Ho4b) 20 mecdueB
200 km 10 MuH 4 yac
300 km 1-10 yac 15 MWH
400 km 10 vac 2 MVH




Cuibnblie u ciabble Oypu
Strong storms Dst < -100 nT

12 (ANMF2)/cNmF2 Irkutsk 0.6 (ANmMF2)/cNmF2 Kaliningrad
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Weak storms Dst >-100 nT
12 (ANMF2)/cNmF2 Irkutsk 0.6 (ANmMF2)/cNmF2 Kaliningrad
' Winter Spring Summer Autumn ' Winter Spring Summer Autumn
0.6 - 0.3-
0- 0 | 0'0';""‘.““‘."“"‘i"b : e 0.0 _\ ‘W
—
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Days after recovery phase start time Days after recovery phase start time



UcTtopma rmapoamHamMmnuyecKux
\ofgs Mopenen noHocdepsol
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) L Khazanov G.V., M.A. Koen, Yu. V., Konikov, and I.M. Sidorov,
o | Simulation of ionosphere-plasmasphere coupling taking into
: account ion inertia and temperature anisotropy, Planet. Space.
ot Sci., 32, 585-598, 1984.
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Altitude, kilometers

1000
900
800

700+

Jicamarca 50MHz Radar Observation |

Jicamarca Vertical Backscatter at 3 meters
March 21,1979
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HaHHbIEe gna nocTtpoeHuua vogenm HWM

Instriument Laocation Height (km) Years Local Time  Days  Data Points Reference
Sarellite

AE-E NATE® +18.0°N 220-400 19751979 both 799 200,500 Spencer et al. [1973]

DE 2 WATS®? +B9.0°N 200-600 19811983 both 536 391,500  Spencer et al. [1981]

DE 2 FPI® +B9.0°N 230 19811983 both 308 47,600  Hays et al. [1981]

UARS HRDI . FT2.0°N 50-115 19931994 day 834 30,100,000 Hays ef al. [1993]

UARS WINDII 5577 A FT2.0°N 90 —300 19911996 day 949 24672000  Shepherd et al. [1993]

UARS WINDII 6300 A +42.0°N 200-300 19911996 night 243 2,237942  Shepherd erf al. [1993]

Sounding Rocket

Falling Sphere 8°5—60°N §-08 19691991 both 1,186 96,205  Schmidlin ef al [1985]

Rocketsonde 38°5-7T°N 2-90 19691991 both 5,082 843,000  Schmidlin et al [1986]

T™MA 31°8-T70°N 59-217 19561998 both 276 92,792 Larsen [2002]
Fabry-Perot Interferometer

Arecibo 18 4°N, 66.8°W 250 1980-1999 night 473 14,198 Burnside and Tepley [1989]

Arequipa 16.2°8, T1.4°W 250 19832001 night 1048 32238 Meriwether et al [1986]

Armival Heights T7.8°5, 116.°E 250 2002-2005 night 535 54214  Hernandez ef al [1991]

Halley Bay 75.5°8, 26.6°W 230 1988-1998 night 799 82,614  Crickmore ef al [1991]

Millstone Hill 42.6°N, 71.5°W 250 19892002 night 1,770 68,333 Sipler ef al. [1982]

Mount John 44.0°8, 1T04°E 89,96, 250  1991-1996 night 560 2,660  Hernandez ef al [1991]

Sendrestrem 67.0°N, 51.0°W 250 19842004 night 1,223 69,734 Killeen et al [1995]

South Pole® 90.0°8 &6, 250 19891999 night 1,091 163,044  Hernandez ef al [1991]

Svalbard® TE2°N, 15.6°E 230 1980-1983 night H 1472 Smith and Sweeny [1980]

Thule 76.5°N, 68.4°W 230 19871989 night 172 21,500  Killeen er al [1995]

Resolute Bay T4.7°N, %4.9°E 230 2003-2005 night 166 5,299  Wu eral [2004]

Watson Lake 60.1°N, 128.6°W 250 19911992 night 135 28,000  Nicegewski ef al. [1996]

Incoherent Scatter Radar®

Arecibo 18.3°N, 66.8°W 100170 19741987 day 149 30,600  Harper [1977]

Chatanika 65.1°N, 147 4°W 90 —130 19761982 day 97 38,721  Johnson ef al. [1987]

European Incoherent Scatter 69.6°N, 19.2°E 100-120 19851987 day 29 2,900  Williams and Virdi [1989]

Millstone Hill 42.6°N, 71.5°W 120-400 19831987 both 142 23,536  Salah and Holt [1974]

Sendrestrom 67.0°N, 50.9°W 150-400 19831987 both 146 19,600  Wickwar et al [1984]

St. Santin 446°N, 2.2°E o0 —165 19731985 day 256 18,382 Amayenc [1974]
Medium-Frequency Radar®

Adelaide 34575, 138.5°E 60-98 2001-2004 both 834 481,634 Fincent and Lesicar, 1991

Bribe Island 2R.0°8, 153.0°W 60-98 1995 both 280 184,176 Reid [1987]

Davis 68.6°5, T8.0°E 50100 2001-2004 both 730 526,160  Fincent and Lesicar [1991]

Poker Flat 65.1°N, 147 5°W 44108 19791985 both 1857 2,746,684  Murayvama et al [2000]

Wakkanai 454°N, 141.8°E 50-108 19982003 both 1538 1,874,672 Muravama et al [2000]

Yamagawa 31.2°N, 1306°E 60-98 19982003 both 1593 1,040,042 Muravama et al [2000]
Wind and Temperature Lidar

Fort Collins 40.6"N, 105.1°W 75-115 2002-2002 both 244 93,288  She er al [2004]

Numerical Weather Prediction Aﬂniyeis"
NOAA GFS Analysis Global 0-35 2002-2007 both 1520 -  Kalnay er al. [1990]
NASA GEOS4 Analysis Global 0-55 2002-2007 both 1520 —  Bloom ei al [2005]

Table 1. HWMO7 Observational Database Summary

Altitude (km)

Local Time (hour)

| S o

Latitude




Pe3ynbTaT OCBOEHUA KOCMMYECKOro npocTpaHCcTBa

Magnetopause Current]

OCb BpeMeHHU

[lonroe Bpemsa cYMTanu, 4To cBepxy noHochepa 6eCcCTpyKTYypPHO
C/INBAETCA C MEXKMNAHETHOMN Cpeaoun.

BCE& n3meHmnn0Cb B KOCMUYECKYIO 3pY, KOraa nNpAmble CNYTHUKOBbIE
N3MEPEHMUA BbIABUIN OTYET/IMBO Pa3/INYHbIE KKOCMUYECKUNE Cpeabl»:
noHocdepy, marHuTocPepy n CONHeYHbIN BeTep.



AHanuTuyeckoe npeacrtasneHue cpepbl
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|nternational Reference ]onosphcrc

Month]y averages in the altitude range 50~1500 kem:

+ | lectron dcnsity 7 w—

International Rg&{i‘ence Ionosi")h\ere - IRI-

+ [ lectron temperature

+ jon composition (OO, NO,
Clustert, N*, He*, FH*)
{charge ncutrality: N, = Zni]

+ lon tcmPcraturc

+ lon drift (cUrrcntiy on]y equatorial
vertical f:-region drift

+ sPrcad-F occurrence Probabilitg (cUrrently
limited to South-American sector)

http://IRl.gsfc.nasa.gov



Model Catalog and Archive:

Atmosphere models [info]
Density and Temperature Models

Exospheric H Model [info, ftp]
NRLMSISE-00 Model [info, RUN
ftp, link]

MSISE-90 Model [info, fip, RUN ]
MSIS-86 Model [info, ftp]

MET Model [info, ftp]

CIRA: Thermosphere [info]
CIRA: 0 km to 120 km [info, ftp]
OLDER MODELS (pre-1985)

Wind Models

Horizontal Wind Model (HWM) [info, ftp]

lonosphere Models [info]
General Models

Incoherent Scatter Radar Models [info]
IRI [ info, ftp, RUN 2016 version]

Electron Density Models

PIM Model [info]
FAIM Model [info]

« SLIM Model [info]
« OLDER MODELS (pre-1985)

F2-Peak Models and Applications

« WBMOD lonospheric Scintillation Model [info, link]
« URSI foF2 Model Maps [info]
« OLDER MODELS (pre-1985)

Electron Temperature Models

« Hinotori Maodel [info]
« Intercosmos Model [info]
« OLDER MODELS (pre-1985)

Gravitation/Geopotential Models

« Earth Gravitational Model 2008 (EGM2008)
[ info, link]

Geomagnetic(Main) Field Models [info]
General Models

« IGRF Model [ ftp, info, link, RUN]

Miscellaneous Geomagnetic Field Models

« USGS Model Coefficients
for Continental U.S. and Hawaii [info]

« GSFC Model Coefficients: All [ ftp], (11/87) [info], (12/83)
[info], (9/80) [infa], (12/66) [info], (9/65) [infa]

« Summary Table

« OLDER MODELS

Magnetospheric Field Models [info]

« Toffoletto-Hill Magnetosphere Model [link]
« Xu-Li Neutral Sheet Model [info, ftp]
« Tsyganenko Magnetic Field Models
and GEOPACK routines [ info, link, url]
« OLDER MODELS (pre-1979)

Solar and Interplanetary Space Models
Solar Reference Spectra

« Solar2000 Model [link]
« OLDER REFERENCE SPECTRA

Solar Energetic Particle Models

« Nymmik Solar Energetic Particles Model [link]
« JPL Proton Model [info]
« SOLPRO Model [info, ftp]

Cosmic Rays and Related Software

e el et Hm MokafF DiAddAito Tinfa fnd




F3 cnou B nocnesaxogHblie 4Yachbl
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Iy1aBHBIN HOHOC(EPHBIN IIPOBAJ BO BpeMs Oypu

JlanHble paauoTroMorpagum

15.03.2015 , 23:06 UT (02:06 LT; +03h), COSMOS-2463

18.03.2015 , 22:53 UT (01:53 LT; +03h), COSMOS-2463
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WACCM Components:
A collaboration among 3 NCAR Divisions
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MexaHu3MbI MOJI0KUTEJIHLHON HOHOC(hepHON OypH:
Pa3BUTHE BO BpeMs IVIABHOM (hpa3bl

1 stage ExB plasma drift . Dmitriev et al., 2017 JGR
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3ananue Had/onaBerocs B nepuoja crparocgepnoro noremaenus 2009 r.
BepTHKAJbHOTO E X B apeiida niaa3mbl (30HAJIBHOTO 3JIEKTPUYECKOT0 MOJIsl)

delta Ezonal on 25 January 2009
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[Tpobnembl, Tpebyrowme peleHns

* KOHCTaHTHI CKOpOCTeN MHOTMX npoLeccos,
OCOOEHHO B HUKHEU WUOHOChepe WU3BECTHbl C
TOYHOCTbIO A0 1-2 nopAAKoB, a ANA Uenoro pAaaa
npoueccoB BoobLLe He onpeaesieHbl

* YcTapeswune mMoaenn MOoHM3auun ConHeyHbim YO,
PEHTFEHOBCKMM M raMma-u3siydeHmem, npoToHamMm
BbICOKUX SHEPTUN

* OTcyTCcTBME TEeKyWMX AaHHbIX No napameTtpam OKII
C OLEHKOW TOYHOCTU



