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Estimation of thrust powers of missiles/rockets by GNSS-TEC observations
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Abstract

Water vapor molecules from ascending rockets/missiles often cause ionospheric electron
depletion, which could be detected as changes in total electron content (TEC) by ground Global
Navigation Satellite System (GNSS) receivers. Here we present six cases of North Korean
rockets/missiles launched in 1998-2017 and compare them with three examples of H2A launches
from Japan. We found that the TEC drops are proportional to the background TEC for the same
type of rockets and classified the past cases into three groups using the ratios of TEC drops to the
original TEC, i.e. the H2A class, the Taepodong-2 class, and the Taepodon-1 class.
Rockets/missiles from North Korea 2009-2016 all belonged to the Taepodong-2 class. In 2017,
two inter-continental ballistic missiles (ICBM) were launched from North Korea in July and in
November. The first one showed ionospheric electron depletion comparable to the Taepodon-2
class cases, but the second missile much larger TEC drops possibly reflecting a significant

technological progress within 2017.

1. IFL®IZ

A 20 FOM, JLEIfE (FIERETRARIE) (282 IV A VR ERD LiX
LiIFfThh TE 7z, 2017 FITITFOBHE I A ARV TRK S, ZoHicid
T AV HRREINIZITV D L HEE S AL D KM BRIE X 91 /L (Inter-continental ballistic
missile, ICBM) & & F 5. L LB Y FEOIGEE)HIX, I A L ORSRFOM
B2 ENABEND DD, I A LOFECHERDFEMIE RIZAR ST, —
HFTAVIBLIOAEROBIFITERFL —F AN LHELHENTINLDO IV A Va2
L TWD AR E W, —ICAR SN A ERIFBE SN TN D.
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D03, D O A & U TEREREIZE HIA I ToKZR & BB K O BUG DR
K &% 2 6TV 5(Mendillo et al., 1975). BBXETEH, —RIZAB LTV 5 GNSS
(Global Navigation Satellite System) §ifi % #iiHI#d T & % [E T HiPEFE > GEONET (GNSS
Earth Observation Network)7 — & Z i\, tkx 72m2r v MTH BP0 A VR EITHE

) EEBfERE 4 E 724 (Total Electron Content, TEC) DZAL2 N HE 41TV 5. il 21X Furuya
& Heki (2008)1%, H2A =/ MMTH RIFICfED TEC B 2#E Lz, £/ 1998 4 &
2009 AFICALFIEN SR SNTT AR R 1 BE 2 B3IV A LD BEHOT U PURY
725 L7= TEC #8028 Ozeki & Heki (2010)I2 K> T, F7= 2012 FITFE S S -8R0 3 &
O "Bt H & B HIZ X D TEC 870 73 Nakashima & Heki (2014)I12 L » THAE SN TV 5.
2016 FEDOIHR 4 5 I A L OFEHFL, HEM2016)721F T/ < #EEO GNSS M8l L 5
#IHT — & ) Ssessanga et al. (2017) I[Z X > THT STV 5.

AT, 2N ODBWBEDEHNZHOWT TEC OFHIRBDBEZEEL, #15
DRESINS I T ANVOREN ZHERT 2 FIEZRD . £72 2017 FTALFEEN D RIS
DlzoTHH EF BN ICBM M 6725 L7- TEC I 2 HEE L G B O FH] & ik L,
ZNOOHENFEIZRET 2B HROEG 2R A 5.

2. GNSS-TEC #8l#l| 7 — & Ofigtr Fik

GNSS-TEC Bl — % 723088 1% B EMLQ010)ZFE LV, AHFFE T GNSS & LTk
[ED GPS L v 7 ®D GLONASS # W=, ¥ va— R LET—XIZEEN5 L1 &
L2 OGRS R 2 20T CHBECHRE L, 20EEZ Lot b 0 (KimsCH Tl L4
ERES) OEFMZAbIL, FEGSRITAO TEC (Slant TEC, STEC) OZA{RIZHHIT S, L
2> LZ OMEIZIZEEEE OIREZEAL 7210 Tlide < BEMNA DI X - THBR N EHEE
ZiEia T DN E DD Z EIE BN E END, £, FOMKHEIIT AR A
DIEFAENA T A, BLOFERERANA T ARG EN 5. Ozeki & Heki (2010)D L 9512
GEONET &% T I AV - vl v MZ LD TEC D DA %R HB1E, EiRF
FEEE D STEC OEERSIMN G, BEM] DO ZIHATH L7721 E TEC (Vertical TEC, VTEC)?D
BALENA T AZFRHIHEE T D &9 FlEZE> TV D

AWML TR, %%#L@A471%Hwtsmc%vmc ZAEWA L 7= G, VTEC HF
RINZRFRIOZ A A Y TiLd iz, £7°, XA 5RO 72 L4 ZBREIEERED H K
e L4 IZHDEIAALTE. SLERRED B N 7 2T %5 DCB (Differential Code
Bias)I I 2 ZEHO L1 & L2 OREROZEICL > THELLRFHZETH H. AWIET
IX GNSS i 2D DCB %, ~L » REEDOSiEMT & > % —(http://ftp.aiub.unibe.ch/CODE/) 3 Hi&
fit LT % B £ 5 /1 (Global Tonospheric Model, GIM)% 5-% % IONEX 7 7 A /LD~

Z— I A L CHW 2. GEONET J® DCB 1% Z TH 2 b T eniz®d,

Minimum Scalloping £ % F VN TR B IZHEE L 7= (Rideout & Coster, 2006). /A 7 A &%
L 7= STEC \ZHHHMR O EEHEE ~D AR A OR%EZ DT 5 & VIEC M5 b5 . EEERE 1T



JE 300 km O#EET NV EGE Lz, BHOZENE2H#E T 5120%, 7TH EFRi%O
BEGEREDOT =205, vy NIV ALVOEENHD EEbNDTH EFns —
RERREE DT —F Z R\ 2 Wiz, BllS 7z VIEC O L7 7 Lo AR (HEE
EN-ZEA) 1"HDEE VIEC b & L ER L.

AW TIT AR E TN EFonca sy 8/ I A 12k D TEC
D, T ETFHANBZ S < RO ol FJSHE(GEONET) TR X T\ 5. D7
b Ozeki & Heki (2010)<° Nakashima & Heki (2014) T/RENTWD L 912, HDHEEE TEC
BN EIIZIEZ 5N TWD. RimLTIEE L DA% TEC B ko Finzir
W—mAEHH LT, Z£ORICBITS VIEC O Kb EE Yi%a 7> b/ I A4 LD
1 EFIC L5 VIEC A & E L TRESHETZ.

3. MEDOHEFIOHEE ZD T T A5031T

Mendillo et al. (1975) DET ML D L, NBRICEBHEEICREHIAE TR TITX
5B HP BRI, AR ST 0 ORGSO & BALIRTEH 7= 0 OFE 148 (B 15 %)
OFEHBIT 5. Licd> T, EBIEOBANEREE FEkzE8<ary /I H A1
IZE > THEL, FRRRSCHITNICE O TEFHEEORESMBPHEUTHY, FdX
DEESHBIELTH D LIRET D L, FROKEIDEHEICHH S NT=HED
VTEC Wb &134TH BT ERTO VIEC (BBl 257245 5.

HAD JAXA (FHMZEHFZER BERE) 12X > TR &5 2006/1/24 @ 10:33 ST (2
I EFeni-mAas Y o8 5HO—BEHN 72 5 L7 TEC 841X Furuya & Heki
(2002 & » THIE ST WA, FAUTHKM (2010/9/11 20:17 ISTHZFTH BT H4v7- 18
gL, BE(2011/9/23 13:36 IST) 12 H EF b 19 BHE T, = >0 HEfFl%
Fig.la |Z/R 3. WINOEFTHHH LT 5-6 5% ICEE e VTEC BN & 535 73,
U BT VTEC 28K & 73 19 B4 CTHeRKC VIEC VN & 72 18 ST/ TH 5 Z &
b, 2 b0 VTEC i) 53k ® 7= VTEC B B2 #thic, BN EE D ERTO
VTEC ZREfHIC & > Tk crmy v 45 &, ZRHIXIIIEMHE 1 OER EICED
(MHENEBIT2) Z&nbns (Fig2). H2A 17y MIFEHESTH Y, RFEEDK
AXPEHBETZ LB 6207, FUAESHEHE (=#7) 054G, 5 VIEC &
VTEC /b B IXIRIE G2 2 L 3R TE 5.

Fig. 1b (ZITALRIEEN SR S -l B I A Lo FEfF & LT, Ozeki & Heki (2010)
THE SNTZT AR R 15(1998/8/31) & 2 5(2009/4/5), Nakashima & Heki (2014) TH
ST 3 5+(2012/12/12), HEM (2016) THE S U722 4 B(2016/2/7)22W T,
TEC MR O F T3 % GNSS & TEIH S - 5 b ORRIZ R T. Fi22h
HITOWT H2A L RBEICHT B EIFHE D VTEC & Z 0D E4 il Lzt D% Fig2 12
RY. TARRY 25, BEXOEOIRAER L L HATWND 2012 O 3 5, 2016 0D
FRAE 4 BMEE 1 O EICOAM L TEY, 200 ZFIOHRED NERRE Th 5 Z & 23



BE3ND. ZORTE, ZERiFEayr vy NIV A NLVOKEKIEHENRKE WD L2 EK
L, H2A TlI VTEC BT 40-60 %, 7 74 K 2 5 & ZOYRAER Tl VTEC B i 10-
20 % ThbH. F£7, 1998 FFDT AR R 1 5L VTEC JlA 03K 5% Th 5H. JAXA 7»
ST/ OE AR e 7> b & LT SS-520 23BH%E AL TV 5038, 2018/2/3 IZNZi#D
B BIFbie 0 5 5HIC K D VIEC AN 1998 4FDT R R 1 5 L [AIRRETH
HZEMbhrol.
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Figure 1. Electron depletion signatures expressed as changes in absolute VTEC for the three H2A
launches (#8, #18, and #19) in Japan (a) and for the six cases of rocket/missile launches from North
Korea (1998: Taepdong-1, 2009: Taepodong-2, 2012: Unha-3, 2016: Kwangmyongsong-4, 2017:
Hwasong-14, 15) (b). In each case, the GNSS-TEC data from GEONET stations are used. The station
IDs and satellite numbers (G for GPS, R for GLONASS) are given at the right ends of the curves.

4. 2017 FAZFRE 7= — oD ICBM DA

Fig.2 1%, #RICRE SN I VA B LT, ¥ & VIEC & VTEC b &0 520
HNWBEDOED I FALRETHLINEHWTI2OICEREEZLND. 212 L2 2
TEH LTV D OIXHNLRE & 72 0 IS EERERE PR S V7o K&K &R O T, BB O FEHAE
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Figure 2. VTEC drops and background VTEC for the nine cases of rocket/missile launches from
North Korea and Japan shown in Fig.1 (here we add the 2018 case of the SS520 launch by JAXA).
They are divided into three groups, H-2A (blue), Taepodong-2 and its derivatives (red) and Taepodong-
1 (dark red). Three lines show VTEC decrease of 53 % (H2A), 20 % (Taepodong-2 and its derivatives)
and 6.5 % (Taepodong-1). The Hawsong-14 and 15, launched from North Korea in 2017, showed
similar VTEC drops to Taepodong-2 and H2A groups, respectively.

2017 2L, JbEifE NS 7TH 4 HE 11 H 29 HIZICBM &I AL GHEITHD,
TR R 2 BYRAER L B0 2B TIHARW) ThD AR 14 5L k& 15 ZRHICmH
S THAINTZ. WTNLLEKMICEWVILEZ L2077y RiuEZ & 0, KEmE s
L CENEH 2,500 km 3 LT 40,000 km [ZFEE L 72D HIC HARRRICHEK LT,

D ZOOFEFNIFE L TEREOH & [FEROET 21T 7. ZNHD I T A I ED
5 b VIEC /NS WRFNZHT S BT S, Eof] & R 6 BT 5-6 sl
VTEC J80 23 HEsB S 4u7=. Fig2 25 kIR 14 B3 7 R K 2 BB X OZ OJRER O %5
WD Z RN otz. LTENR->T, ZOHNTT AR R 2 50 B HOHED) & RIFEE
ThoTlFRERH 5.

—J7 2017 SRR ST STk R 15 51, B 5 VIEC IS T A &N TR K 2 75
EFDIRERNTH L THEICRE L, @BEICIFEN SR SN A (asr v B)
Z KIEWZ BRI B HET Tdh - 7= ATREMEA E . Fig2 D METII H2A 17 v FORINCE
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