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lonospheric hole made by a North Korean rocket launched in 2012 December:
Observation with the Russian GNSS
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From the Musdanri lauch pad, at the Japan Sea side of North Korea, possible ballistic missiles, called Taepodong, wer
launched in 1998 and 2009. Water vapor molecules in the rocket exhaust cause electron depletion in ionosphere [e.g. F
ruya &amp;amp;amp; Heki, EPS 2008], and the ionospheric total electron content (TEC) can be measured easily with the GP
network, deployed nationwide originally to observe crustal deformation. Ozeki &amp;amp;amp; Heki [JGR 2010] caught the
trajectory of the 1998/2009 Taepodong-1 and -2 as the TEC anomalies with GEONET, and inferred that the Taepodong-2 is |
times as powerful as the Taepodong-1.

The Unha-3 rocket was launched due southward at 00:49:46UT on Dec. 12, 2012, from the Tongchang-ri.launch pad on th
Yellow Sea side of North Korea. The rocked, an improved version of the Taepodong-2, has two stages, and the first stage fe
onto the Yellow Sea west of South Korea about 8 minutes after the launch. The second stage engine is considered to have pu
satellite into a sun-synchronous orbit with height "500-600 km and inclination 97.4 degrees about 9.5 minutes after the launch
We converted the RIENX format GPS data of the launch day to TEC, and looked for the ionospheric hole signatures. We coulc
not find clear electron depletion signals simply because no GPS satellites were available in the northwestern skies.

GPS is the American GNSS system, and other systems are becoming operational. GEONET receivers have been replaced w
the new models capable of receiving multiple GNSS, and about 10 percent of them could observe GLONASS and QZSS, th
Russian and the Japanese GNSS, respectively, at the time of the Unha-3 launch. More than 20 GLONASS satellites are alrea
in operation, and we used the number 13 satellite to detect the ionospheric hole formation above the Yellow Sea (see Figure).

We modified the software to convert RINEX file into TEC time series [Heki et al., JGSJ 2010] in order to handle RINEX v.2.12
files including GLONASS/QZSS data. The broadcast orbits of the GLONASS satellites are given in the geocentric Cartesian co
ordinates instead of the Keplerian elements like GPS and QZSS. GLONASS uses different microwave frequencies for differen
satellites, which also required the modification for the original software to calculate TEC.

Ozeki &amp;amp;amp; Heki [2010] compared the thrust of the 1998 and 2009 Taepodong missiles by comparing the sizes/dep
of the ionospheric holes, and here we compare the hole made by the 2012 December Unha-3 launch with the past cases. T
onset times of the depletion are the same, suggesting similar ascending speeds of the three rockets (missiles). Depth of the hi
depends both on the amount of water vapor in the exhaust and the background TEC. The hole of the Unha-3 is similar to th
2009 case (or somewhat deeper/larger), which would reflect the vertical TEC in the 2012 case about 1/3 larger than that in 200!
The hole seems to last longer in the 2012 case possibly because the hole is elongated N-S and the ionospheric piercing point
the line-of-sight took more time to go through the hole.

Next we compared the size the holes at various time epochs for the three cases. The 1998 case shows clearly small size, |
the other two showed similar hole sizes. In the 2009 case, the hole did not extend to the NE Japan (it remains above the Jap
Sea). Likewise, the 2012 hole does not extend further south beyond the 33N line. In the both cases, the second stage engi
would have stopped at similar heights and horizontal distances from the launch pads.

We can conclude as below,

1) We could observe the ionospheric hole made by the Unha-3 rocket launched from western North Korea in 2012 Decembe
using the GLONASS satellite data.

2) The electron depletion started "6 minutes after the launch and remained for tens of minutes above the central Yellow Sea.

3) The size and depth of the hole was similar to that made by the 2009 Taepodong-2.
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