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は じ め に 

 

滋賀県甲賀市信楽町に位置する MUレーダーは、完成当初の 1984年から全国共同利用に供

され、広範な学問分野に渡る多くの成果を上げ続けている。2004 年に導入された「MU レー

ダー観測強化システム」では、レーダーイメージング観測が可能になるなど、常に世界で最

も高機能な大型大気レーダーの一つとして活躍を続けている。MUレーダーは、電気・電子・

情報・通信分野の世界最大の学会である IEEE(Institute of Electrical and Electronics 

Engineers)より IEEE マイルストーンに認定され、また電子情報通信学会マイルストーンと

電気学会「でんきの礎」にも選定された。2017 年には学内予算により「MU レーダー高感度

観測システム」が整備され、送受信制御ユニットなどの一部を更新、受信感度が向上してお

り、益々その活躍が期待されている。昨年は MUレーダーの完成から 40周年に当たり、記念

の式典・国際シンポジウムが 11月 18日～21日におうばくプラザと Zoomによりハイブリッ

ド開催された。国際シンポジウムには 11 ヵ国から計 120 名（国外 60 名、国内 60 名）の参

加があり、61件の口頭発表と 10件のポスター発表が行われた。 

一方、インドネシア共和国西スマトラ州の赤道直下に位置する赤道大気レーダー(EAR)は、

2000 年度末に完成した大型大気観測用レーダーで、京都大学生存圏研究所(RISH)とインド

ネシア国立研究革新庁(BRIN)(旧 航空宇宙庁(LAPAN))との協同運用により長期連続観測が

続けられている。2001～2006 年度に実施された科研費・特定領域研究「赤道大気上下結合

(CPEA)」において、その中核設備として利用され、2005 年度から EAR 及びその関連設備の

共同利用を開始した。当初から国際共同利用にも供しており、海外の研究者による共同利用

が全課題数の約 3 割を占めている。また、京都大学では、赤道大気レーダーを MU レーダー

並に高性能・高機能化するべく赤道 MUレーダー(EMU)を要求している。日本学術会議の学術

の大型施設計画・大規模研究計画に関するマスタープラン「学術大型研究計画」(マスター

プラン 2014・2017・2020)の重点大型研究計画ならびに「未来の学術振興構想（2023年版）」

に EMUを主要設備の一つとする「太陽地球系結合過程の研究基盤形成」が選定された。 

本年 9 月 8日・9 日に、第 19回 MUレーダー・赤道大気レーダーシンポジウムをオンライ

ン開催した。共同利用により得られた研究成果のほか、大気科学・レーダー工学に関連する

研究成果、計画について 21件の研究発表が行われた。 
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MU レーダー・赤道大気レーダー共同利用の現状 
 

橋口浩之 
(京都大学生存圏研究所) 

 
１． はじめに 

MU レーダーは 1984 年の完成当初から、また赤道大気レーダー(EAR)も 2005 年から全国

(国際)共同利用に供し、多くの研究成果を生み出してきた。当初は異なる共同利用委員会を

組織し、課題の審査やレーダー運用等の議論を行ってきたが、2012 年 6 月に両委員会を統

合して MU レーダー/赤道大気レーダー全国国際共同利用専門委員会(現 MU レーダー/赤道

大気レーダー共同利用・共同研究専門委員会)を組織し、2012 年 12 月公募分から共同利用

を統一した。本報告では、共同利用の現状について報告する。 
 
２． MU レーダー 

MU レーダーは滋賀県甲賀市信楽町に位置する中層・超高層及び下層大気観測用 VHF 帯

大型レーダーであり、高度 1～25 km の対流圏・下部成層圏、高度 60～90 km の中間圏及び

高度 100～500 km の電離圏領域の観測が可能である。MU レーダーの最大の特徴は、アンテ

ナ素子毎に取り付けた小型半導体送受信機（合計 475 個）を個別制御することにより、1 秒

間に 2500 回という高速でレーダービーム方向を変えることが可能であり、また、25 個のサ

ブアレイアンテナに分割して使用することも可能である点である。こうした柔軟なシステム

設計のため、開発後約 40 年を経た今も世界で最も高機能な大型大気レーダーの一つとして

活躍を続けている。2003 年度には「MU レーダー観測強化システム」が導入され、レーダ

ーイメージング観測などの機能向上が図られた。2016 年度末には全学経費(設備整備経費)
により「MU レーダー高感度観測システム」が導入された。送受信制御ユニット、アンテナ

素子、およびアンテナ同軸ケーブルの一部が更新され、受信感度が向上(回復)した。2017
年 7 月 17 日に信楽 MU 観測所に落雷があり、MU レーダーも被害を受けた。1 ヶ月ほどで

仮復旧したが、完全復旧のため国大協保険により 2018 度末に合成分配器及び分配合成制御

器の一部を更新した。2021 年 8 月 23 日に再び落雷があり、MU レーダー超多チャンネルデ

ジタル受信システムが被害を受けた。すぐに仮復旧し、完全復旧のため文部科学省から災害

復旧予算が認められ、2023 年度末に納入された。 
信楽 MU 観測所は、MU レーダーと協同観測するさまざまな大気観測機器の開発フィール

ドとしても活用されており、例えば、MU レーダーが観測できない高度 2km 以下の風速を

測定するために開発された下部対流圏レーダー(LTR)やレンズアンテナウィンドプロファイ

ラ(LQ-7)は、気象庁の全国 33 カ所の現業用ウインドプロファイラとして採用されている。

MU レーダーの標準的な観測モードのデータはホームページ上で逐次公開されている。(MU
レーダーホームページ http://www.rish.kyoto-u.ac.jp/mu/)。 

MU レーダーは「世界初のアクティブ・フェーズド・アレイ方式の大気レーダー」として、

2014 年 11 月に IEEE マイルストーンに認定された。これは、電気・電子・情報・通信分野

の世界最大の学会である IEEE が、IEEE の分野における歴史的偉業に対して認定する賞で、

認定されるためには 25 年以上に渡って世の中で高く評価を受けてきたという実績が必要で

ある。最近では、国内で発明された QR コードが認定されている。また、MU レーダーは、

電子情報通信学会が創立 100 周年を記念して新たに創設した、電子情報通信学会マイルスト

ーンにも選定された。さらに、2018 年に電気学会から「でんきの礎」が授与された。2024
年は MU レーダー完成から 40 周年に当たることから、International Symposium on the 40th 
Anniversary of the MU Radar (ＭＵレーダー４０周年記念国際シンポジウム)が 11月 18～21日
に宇治キャンパスならびにオンラインで開催された。本シンポジウムでは、61 件の口頭発
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表及び 10 件のポスター発表が行わ

れた。参加者は 11 ヵ国から計 120
名（国外 60 名、国内 60 名）であ

り、参加機関は計 40（国外 25、国

内 15）であった。宇治おうばくプ

ラザと Zoom によるハイブリッド

開催としたが、現地参加者数は半

数以上の 68 名(国内 41 名、国外 27
名)であった。11 月 18 日に開催さ

れた記念式典には 100 名以上の列

席の下、時任宣博京都大学副学長、

塩川和夫太陽地球系物理学・科学

委員会(SCOSTEP)会長・地球電磁

気・地球惑星圏学会長、中川勝広

情報通信研究機構電磁波研究所長、

堤雅基国立極地研究所副所長から祝辞が述べられた。また MU レーダーの運用に尽力され

た三菱電機株式会社と滋賀県甲賀市に感謝状が贈呈された。

３．赤道大気レーダー

赤道大気レーダー(Equatorial Atmosphere Radar; EAR)は、周波数 47MHz、3 素子八木アン

テナ 560 本から構成される直径約 110 m の略円形アンテナアレイを備えた、インドネシア共

和国のスマトラ島中西部に位置する西スマトラ州コトタバンに 2000 年度末に完成した大型

の大気観測用レーダーである。本装置は、小型の送受信モジュールが全ての八木アンテナの

直下に備えられたアクティブ・フェーズド・アレイ構成をとっており、総送信出力が 100 kW、

アンテナビーム方向を天頂角 30 度以内の範囲で自由に設定し、送信パルス毎に変えること

ができ、赤道域に設置されている大気レーダーの中で世界最高性能を誇っている。EAR は

インドネシア国立研究革新庁(BRIN) (旧 航空宇宙庁(LAPAN))との密接な連携のもとで運営

されており、2001 年 7 月からまで長期連続観測を続けてきた。従来 LAPAN と結んでいた協

定書を更新し、2024 年 8 月 2 日に BRIN・RISH 間の Technical Agreement が締結された。EAR
観測データの 10 分平均値はホームページ上で逐次公開されている。(EAR ホームページ

http://www.rish.kyoto-u.ac.jp/ear/)。2019 年 9 月 29 日に赤道大気観測所近傍に落雷があり、赤

道大気レーダーも被害を受けた。11 月初めに仮復旧したが、完全復旧のため文部科学省に

災害復旧予算を申請し、認められた。落雷の影響と思われるが、2020 年 4 月中旬から電波

を送信できなくなり観測を中断していたが、2024 年 9 月に変復調装置が更新され、連続観

測が再開された。当初、南北ビーム方向の設定に問題があり、電離圏 FAI エコーが取得で

きていなかったが、2025 年 4 月 21 日に問題が解決し、それ以降は対流圏・下部成層圏モー

ドと電離圏 FAI モードによる切替観測が継続されている。

EAR は MU レーダーに比べて送信出力が 1/10 であり、中間圏や電離圏の IS 観測を行う

には感度が不足している。また、受信チャンネルは 1 個のみであるため、空間領域のイメー

ジング観測ができないなど、機能面でも MU レーダーに劣っている。下層大気で発生した

大気波動が上方へ伝搬し、上層大気の運動を変化させる様子など、大気の構造・運動の解明

をより一層進めるため、MU レーダーと同等の感度・機能を有する「赤道ＭＵレーダー

(EMU)」の新設を要求している。この EMU を主要設備の一つとする大型研究計画「太陽地

球系結合過程の研究基盤構築」は日本学術会議のマスタープラン 2014・2017・2020 の重点

大型研究計画の一つとして採択された(2014・2017 代表: 津田敏隆, 2020 代表: 山極壽一京大

総長）。また、「未来の学術振興構想」の 2023 年版にも掲載された。 

MU レーダー40 周年記念国際シンポジウム参加者による集

合写真
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４．共同利用の概要と現在までの推移

MU レーダーは、アジア域最大規模の大気観測用大型レーダーであり、高度 2 km の対流

圏から、高度 400 km の超高層大気(熱圏・電離圏)にいたる大気の運動、大気循環を観測す

る。1984 年の完成以来、全国共同利用に供され、超高層物理学、気象学、天文学、電気、

電子工学、宇宙物理学など広範な分野に渡って多くの成果を上げている。図 1 にこれまでの

共同利用課題数の推移を赤道大気レーダー共同利用の課題数とともに示す。また、図 2 に

MU レーダーの観測時間の推移を示す。2024 年度には、キャンペーン(長期間)観測課題とし

て、重尚一准教授代表の「層状性降水域における固体降水粒子の観測」が実施された。観測

データのうち標準観測については観測後直ちに、その他の観測については 1 年を経過したデ

ータを「生存圏データベース共同利用」の一環として共同利用に供している。

図 2. MU レーダー共同利用の観測時間の半年毎の推移。 

一方、EAR は、本研究所の重要な海外拠点として、国内外の研究者との共同研究によっ

て生存圏の科学を推進するという大きな役割を担っている。同時にインドネシアおよび周辺

諸国における研究啓発の拠点として、教育・セミナーのための利用も想定される。EAR は

2005 年度から全国国際共同利用を開始した。EAR の共同利用については、開始当初の議論

から以下のような性格付けが行われてきた。(1) EAR の共同利用は、施設が外国に位置する
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ことから必然的に「全国」「国際」型が重なった形態をとること、(2) 「国際」対応につい

て、当初 2 年間は、利用者を原則として日本及びインドネシアからに限定して開始し、2007
年度から本格的な全国国際共同利用施設として運営すること、(3) 共同利用は学術目的とし、

海外からの利用者の資格は個別に判断すること等である。また、EAR 共同利用には、EAR
を直接利用するものの他、EAR サイトへの機器の持込み観測、すなわち観測場所としての

利用も含まれる。実際の観測実施については、EAR の特性を考慮し、課題をいくつかのグ

ループに分けてスケジュールする方式を取っている。また予算の許す範囲において、EAR
までの旅費(日本人研究者については日本から、インドネシア人研究者についてはインドネ

シア国内旅費)を支給している。 
MU レーダー及び赤道大気レーダーによって得られたデータは、IUGONET プロジェクト

「超高層大気長期変動の全球地上ネットワーク観測・研究」(http://www.iugonet.org/)によっ

て、メタデータ・データベースが整備され、また解析ソフトウェア SPEDAS/UDAS/M-UDAS
により簡単に図をプロットできる環境も構築されている。MU レーダー・赤道大気レーダー

のデータベースの重要性が認められ、生存圏研究所は 2016 年 3 月に ISC(国際学術会議)の
WDS(世界科学データシステム)の Regular Member に認定され、2023 年 4 月に更新された。

MU レーダー及び赤道大気レーダーの全国国際共同利用はこれまで順調に推移してきてお

り、今後は MU レーダー・赤道大気レーダーを含む国際レーダーネットワークによる研究

が一層進むものと期待される。 
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Ku 帯衛星回線における最近の降雨減衰の増加傾向ついて 

前川泰之・柴垣佳明 (大阪電気通信大学) 

１．はじめに 

近年衛星通信や衛星放送に対して、Ku 帯(14/12GHz)や Ka帯（30/20GHz）等の高い周波数の利用が進

んでおり、そのためにはこれらの周波数帯で大きくなる降雨減衰の発生時間率を正しく評価する必要がある[1]、

[2]。降雨減衰予測に対しては、降雨強度累積時間率 0.01％値から求める方法が ITU-R 勧告等で通常用い

られるが[3]、衛星回線では地上の降雨強度に加えて、上空の降雨高度の変化に伴う雨域等価通路長の変動

に注意する必要がある。

大阪電気通信大学では、1986年から 2006年にかけてKa帯通信衛星電波（19.45 GHz、右旋偏波、仰角

49.5°：以下 CS と称す）の観測を行い、さらに 1988年から現在に至るまでKu帯放送衛星電波（11.84 GHz、

右旋偏波、仰角 41.3°：以下 BSと称す）の観測を行っている。Ku帯BS電波に関しては、降雨減衰を過去３６

年間（1988－2023）にわたって１分降雨強度とともに連続的に長期間測定を行った。そして、これらのデータ

に長期にわたって見られる雨域等価通路長の統計的な変動について研究を行ってきた[4]。前回の報告では、 

2006 年以後に顕著に見られる雨域等価通路長の増加ついて着目し、降雨減衰の年間時間率の変動を引き

起こす気象学的要因について考察を行った[5]。今回、年間時間率の変動について近年問題にされている梅

雨期の降水量の増加に関連してさらに詳しく検討を行ったので報告する。 

２．2006 年前後の降雨減衰特性 

衛星電波の降雨減衰特性を測定した 1986年以降、2006年までの約 20年間にわたる長期統計については、

Ka帯 CS電波（19.45GHz）とKu帯 BS電波（11.84GHz）のいずれも ITU-R勧告による時間率 0.01％の降雨強

度を用いた予測値によく一致することが示されている[6]。また降雨減衰統計の年変動については、いずれの

周波数帯も雨域等価通路長の年平均値は、降雨時の地上気温と相関を示すが、地上気温から予測される降

雨高度よりも大きな変動があり、むしろ各年の台風や夕立等の熱帯性対流性降雨の発生率により決定されるこ

とが示されている[6]。またこの発生率は日本近海の海面温度とも関連性があり、太平洋熱帯域のエルニーニ

ョ・ラニーニャ現象等の地球規模の気候変動とも関連していることが示唆されている。 

一方、2006 年以後は図 1 に示すように(a)年間降水量が少し増加傾向にあり、(b)降雨強度の年間発生時間

率 0.1、0.03、および 0.01%の値も増加傾向にあることが分かる。さらに(c)降雨減衰の同じ年間時間率の値も同

様に増加傾向にあり、特に値の大きい 0.01％値ではその傾向が著しいことが分かる。この降雨強度と降雨減衰

の 0.01%に対する増加率の差異は、これらの 0.01%を基準にして計算される ITU-R 予測値に大きな影響を及

ぼすと言える。 

図2はBS電波の降雨減衰長期統計を2006年の前後で ITU-R予測値と比較したものであり、(a)1988－2006

年と(b)2007－2019年に分けて示してある。図 2より、2006年以前では測定値は降雨強度（×印）による ITU-R

予測値（細い点線）と良い一致を示すが、2006年以後では両者は大きな差異を示すことが分かり、等価通路長

を約 1.5 倍とした場合の ITU-R 予測値は測定値とよく一致することが示されている。また 2006 年以降にこれら

の係数が増加することは、降雨事象毎の等価通路長と降雨減衰継時間がその分平均として増加することから

証明されている[7]。また、2006 年以後の等価通路長の 1.5 倍程度の増加に関しては、近隣の RISH（宇治市）

およびMUレーダー（甲賀市）、または守口市と四條畷市における 2002年ないし 2005年以降の BS電波測定

においても確かめられている。 

図 3 は 1988 年から 2019 年に 32 年間にわたって大阪電気通信大学（寝屋川市）測定された各年の(a)BS
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電波降雨減衰の等価通路長、(b)降雨時地上気温（5~10 月）、(c)台風・夕立等の熱帯性対流性降雨の発生率、

および(d)日本近海の海面温度の偏差（実線）とインド洋ダイポールモード指数（点線）を比較したものである[8]、

[9]。図 3(a)と(b)より、等価通路長と地上気温は 2006 年以降に段階的な顕著な増加を示すことが分かり、この

年を境に周囲の気象状況等が大きく変化したことが示唆される。また、前述の様に 2006 年までは(a)等価通路

長は(b)地上気温、(c)対流性降雨発生率、および(d)日本近海の海面温度と良い相関を示し、エルニーニョ・ラ

ニーニャ現象とも対応が見られるが、2006 年以降はこれらの間の関係性があまり明白でなくなり、これらの他に

なんらかの要因が新たに等価通路長の年変動に加わっていると思われる。その一つの可能性として、図 3(d)

に点線で示したように、インド洋西部の海面温度上昇にともなうインド洋ダイポールモード指数の増加による正

のモードの出現が、2006 年以降極めて頻繁に発生するようになったことが挙げられる。詳しいメカニズムはまだ

不明な点が多いが、前述の 2006 年までの太平洋赤道域のエルニーニョ・ラニーニャ現象とともに、2006 年以

降は日本の気候変動への影響が増加している可能性がある。その結果、最近の衛星電波降雨減衰の等価通

路長の増加による年間時間率増大等にも関係していると十分考えられる。 

 

 (a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

 

図 1． 1988年から 2019年の間に大阪電気通信大学（寝屋川市）で測定された(a)年間降水量、(b)降雨強度の

年間時間率 0.1, 0.03, および 0.01%値、および(c)BS電波の降雨減衰の同時間率値。 

 

 

 

 

 

 

 

 

 

 

 

 

 

図 2．2006年前後の降雨減衰および BS電波降雨減衰時間率の長期統計と ITU-R 予測値との比較 
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図3．1988~2019年における (a)BS電波降雨減衰の等価通路長、(b)降雨時地上気温（5~10月）、(c)対流性降

雨発生率、および(d)日本近海の海面温度の偏差（実線）とインド洋ダイポールモード指数（点線）。矢印は正

のダイポールモードが発生した年を示す。 

 

３．梅雨期の降水量と降雨減衰特性の増加 

 図４は気象庁発表による (a) 近畿地方の梅雨期降水量の平年比[10]と、(b) 枚方アメダスにより測定された

6月と 7月の降水量[11]を 1986年から 2023年にかけて示す。図４より、近年よく言われている様に梅雨期の降

水量は、1995年にも多い年があるが、2007以降増加傾向にあることが確かめられる。 

 

(a)                                        (b) 

 

 

 

 

 

 

 

 

図４．気象庁発表による (a) 近畿地方の梅雨期降水量の平年比[10]と、(b) 枚方アメダスにより測定された 6

月と 7月の降水量[11]. 
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 一方、図５は本学で測定されたBS電波の降雨減衰の月間累積時間率分布について (a) 6月から 7月と (b) 

8 月から 9 月について、1988-2006 年と 2007-2023 年の間でそれぞれ比較したものである。いずれの月間につ

いても 2007 年以降に累積時間率分布の増加が見られるが、その増加量は梅雨期を含めた 6-7 月の方が著し

く大きいことが分る。 

 また、図６は同様に本学で測定された BS 電波の降雨減衰の月間累積時間率分布について (a) 1988-2006

年と (b) 2007-2023 年について、6-7 月と 8-9 月の間でそれぞれ比較を行った場合である。図６より 2006 年以

前は梅雨期と含む 6-7 月と夏季や秋雨期の 8-9 月では明らかな差があり、梅雨期の方が衛星電波に対する降

雨の影響が小さいことが明確であるが、2007 年以降は両者の差が明確でなく、近年梅雨期の降水量が増加し

て台風等を伴う夏季や秋雨期の降雨と同等の影響を衛星伝搬路に与えていることが如実に示されていると言

える。 

 

(a)                                           (b) 

 

 

 

 

 

 

 

 

 

図５．(a) 6 月から 7月と (b) 8 月から 9月について、1988-2006年と 2007-2023 年の間でそれぞれ測定された

BS電波の降雨減衰の月間累積時間率分布 

 

(a)                                           (b) 

 

 

 

 

 

 

 

 

 

図６．(a) 1988-2006年と (b) 2007-2023 年についてで、6-7月と 8-9月の間でそれぞれ測定された BS電波の

降雨減衰の月間累積時間率分布 

 

 ここで、図７は年間累積時間率 (a) 0.01％と (b) 0.03%の降雨減衰値を、それぞれ 6-7月と 8-9月の場合に、

1986 年から 2023 年の間について示したものである。図７より、2006 年以前は 6-7 月と 8-9 の間では年間累積

時間率 0.01％と 0.03% のいずれの場合も降雨減衰値には明らかに差異があり、6-7月では 8-9月よりも値が小

さいが、2007 年以降は両者とも増加が進み、一時 2012-2015 年辺りは少し差があるものの、最近の 2016 年か

らは両者の差がほとんどなくなることが示される。従って、梅雨期は 2,006年以前とは異なり、特に 2016年以降

は 8-9月と同様に大きな影響を降雨減衰統計に示す様になり、これが延いては ITU-R予測値とも大きく異なる

ことの一因になっている可能性がある。 
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図７．年間累積時間率 (a) 0.01％と (b) 0.03%のBS電波の降雨減衰値を、それぞれ 6-7月と8-9月の場合に、

1986年から 2023 年で示す 

４．おわりに 

1988 年から 2019 年にかけて大阪電気通信大学（大阪府寝屋川市）において３０年間以上にわたって測定

された Ku 帯放送衛星（BS）電波等の降雨減衰データを用いて、最近の降雨減衰統計の増加と雨域等価通路

長の著しい増大等の要因についてその発生状況について述べた。その原因として、2006 年までの太平洋赤

道域のエルニーニョ・ラニーニャ現象とともに、インド洋インド洋ダイポールモード現象が関与している可能性を

述べた。またこれに関連して、最近梅雨期の降水量が特に増大していることを示し、2007 年以降の降雨減衰

特性についても影響を及ぼしていることを本学における実測データに基づき議論した。 
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STARLINK 衛星の公開軌道情報を使った熱圏大気密度推定 
山本衛・惣宇利卓弥・古川颯太(京大 RISH) 
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Outline
1 Background and Objective 
2 Observation Setup
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3.1

Observation Results 

Madden Julian Oscillation (MJO) and Horizontal Winds
3.2 Tropical Tropopause Layer (TTL) Stratification and Stability
3.3 Turbulence Measurements
3.4 Cirrus Clouds below an Upper Tropospheric Inversion (UTI) 
3.5 Persistence of UTI

4 Summary and Perspective

Definitions 

Schematic illustration of the observed system including UTI and the easterly jet 
(adapted from Fujiwara et al., 2003)

• UTLS: 
10–30 km above sea level.

• TTL: Tropical Tropopause Layer or Tropopause 
Transition Layer,14–19 km, gateway for air 
exchange within UTLS.

• CPT: Cold Point Tropopause, ~16–18 km, 
coldest point of temperature, effective boundary 
to stratosphere.

• Stable Inversion: Layer where temperature 
increases with height, creating strong stability 
and suppressing mixing.

• UTI: Upper Tropospheric Inversion, a Stable 
Inversion in the upper troposphere, defined by 
Fujiwara et al. (2003), that forms above cirrus 
cloud anvils resulting from deep cumulus 
convection 

CPT

UTI
TTLUTLS

cirrus anvil Cu

1. Background and Objective

The TTL controls water vapor, aerosols, and
energy exchange between troposphere and
stratosphere (STE).
Turbulence in the TTL originates from
convection overshoot, Kelvin wave breaking,
and horizontal wind shear
Characteristics of "TTL turbulence" remain
poorly documented due to limited observations
Its study is important because it may affect
cirrus formation, dehydration processes, and
even MJO variability.
Objectives of this study: Investigating shear-
driven turbulence in the TTL and its impacts on
clouds, MJO, and wave activity using in situ
and remote sensing measurements

Schematic zonal cross-section illustration of MJO convection  
and shear-induced turbulence in the TTL (adapted from Jiang et 

al, 2020)

• MJO: Madden-Julian Oscillation. An eastward-moving 
intraseasonal oscillation (~30-60 days) of tropical clouds
and rainfall near the equator.

Observation Setup
• Location: Kototabang, Agam/Bukittinggi, 

West Sumatra, Indonesia (0.20°S, 100.32°E)
• Period: January 7–16, 2025
• Instruments & measurements: 
1. Equatorial Atmosphere Radar (EAR) Wind 

profiles up to 20 km, 59 s temporal / 150 m 
range resolution and turbulence/stability 
parameters

2. HYFLITS* Balloon System TKE dissipation
rate (ϵ) from Hot Wire sensors, 1-second PTU 
and wind profiles (Colorado University, USA).

3. Optical Particle Counter (OPC) Cloud 
particle (0.3–36 μm) concentration profiles. 
(Part of HYFLITS)

EAR at Kototabang EAR Antenna (Fukao et al, 2003)

Measurements are made during balloon descent using a 
valve system to avoid balloon wake

HYFLITS 

*: HYpersonic FLight In the Turbulent Stratosphere  
(https://www.colorado.edu/irt/hypersonic-vehicles/about) 
Turbulent Kinetic Energy (TKE)

Hot Wire

OPC

Observation Setup
• Instruments: 
4. Radiosondes Vaisala RS41-

SG/SGP and Meisei RS11-G, 1-
second PTU and wind profiles

5. Cloud Particle Sensor (CPS) n 
Meisei RS11-G. Cloud particles 
(>2 μm) concentration profiles

6. Satellite Data COSMIC-2 for 
tropo-stratospheric temperature 
profiles through GNSS radio 
occultation, Himawari IR/V data 
for high-level cloud detection

Launch of HYFLITS and Vaisala Radiosonde

Preparation and launch of CPS and Meisei RadiosondeCPS and Meisei RS11-G

Vaisala RS41

COSMIC-2: Constellation Observing System for 
Meteorology, Ionosfer and Climate – Mission #2
GNSS: Global Navigarion Satellite System 
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Observation Timeline
January 7 – 17, 2025

H2 H6

* The EAR was operated in a standard 
mode for continuous tropo-stratosphere 
observations

* Balloon flights performed during night 
(~20:00 LT) to avoid solar insolation and 
heavy rains

* Two HYFLITS sondes H2 on January 
11 & H6 on January 15 (among 7) 
provided useable data in the TTL

Heavy gray: successful observations
Light gray: no transmission -no data
White: radar stops

Horizontal Winds
Zonal (top) and merirional (bottom)
wind profiles measured by 4
radiosondes and the EAR (1-hour
spectrum average) on 07, 13, 14, and
15 January 2025.

* The EAR wind data are sparse above
12 km due to lower sensitivity and
outliers (clutter-like and external
interferences).

* However, EAR data are available in
the sheared regions of the easterly jet
and show good agreement with
radiosonde data. Very little variation in
the zonal wind profiles from one day to
the next.

*

Comparison Zonal (top) and Meridional (bottom) wind speed from Vaisala Radiosonde (black line) and EAR (red star) 

Reassessment of the EAR's performance 
for wind measurement after the long interruption period.

ZON

MER

→ EAR-derived winds can be used for
the characterization of the dynamics of
the TTL and its evolution.

MJO and Horizontal Winds

Two active MJO phases (MJO-1 and MJO-2) occurred before and after the campaign period.
The EAR consistently detected an easterly jet maximum near 16 km, with a maximum of vertical shear above it.
Its detection was made possible by stronger and persistent radar echoes resulting from shear-induced turbulence.

Zonal wind speed measured by EAR (1 Nov 24 – 28 Feb 25) Wheeler-Hendon (RMM) phase-space phase diagram

field
campaign

MJO Active is 
defined when the 
amplitude RMM1 
and RMM2 ≥ 1 or 
the graphic is  
located outside the 
circle.

• MJO-1 on Nov 
24–25, 2024

• MJO-2 on Jan 
23–24, 2025)

Big Blue circle: HYFLITS 
Campaign Period

TTL Stratification and Stability

A stable inversion (~20 K/km) is
persistently observed ~2 km below
CPT with little temporal variation in
both depth and stability.
This stable inversion may be a UTI, as
it caps an ice-saturated layer (b). The
air is dry above UTI.
The maximum of the easterly jet tends
to align with the bottom of the UTI,
while the maximum wind shear and
minimum Richardson number (~0.25)
tend to be observed at the top of the
UTI (typically a few hundred meters
above).

Vertical profiles of 10 radiosondes (Jan 7–16, 2025) relative to the 
altitude of N² maxima, 150 m resolution

UTI

CPT

saturation
/ice

100%/ice

Zonal

Mer.

UTI

0.25

→ Turbulence is likely to be observed
above the UTI, not in the core of the UTI.

HYFLITS Turbulence Measurements

The two HYFLITS profiles provided direct
evidence of enhanced turbulence (TKE
dissipation rates ϵ ~ 0.1-1 mW/kg) above the
UTI, 5 days apart (and weaker turbulence
below). This represents the first direct
measurement of turbulence in the TTL.

Although the information is limited, it is
consistent with a persistent turbulent mixing
lasting for at least several days without erosion
of the UTI.

→ Turbulence above the UTI is expected to
contribute to the formation or maintenance of the
stable inversion, rather than its breakdown.

TKE dissipation rate and N2 profiles from HYFLITS02 (jan 11) and HYFLITS06 (Jan 16)

UTI

EAR Turbulence Measurements

The EAR Doppler spectral width is enhanced
above the UTI, associated with isotropic radar
echoes (AR~0 dB), confirming its turbulent
nature.
In contrast, echoes above the CPT are aspect-
sensitive (AR>10 dB), suggesting that specular
reflection dominates.
This pattern was consistently observed with
EAR (not shown) during all balloon flights.

UTI

UTI
CPT

CPT

BB: Beam Broadening
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Cirrus Clouds below UTI

Cloud particles with very low concentration are
also consistently detected from OPC and CPS
below the UTI, consistent with RH
measurements showing saturation/ice.
The presence of (subvisible) cirrus clouds
suggests that radiative cooling at cirrus tops can
generate or contribute to the maintenance of the
UTI (Fujiwara et al. 2003).

Vertical profiles of particle concentration measured from CPS and OPC

UTI UTI

The absence (or sporadic presence) of cloud
particles above the UTI suggests that the UTI
prevents vertical mixing and particulate
exchanges. Shear-driven turbulence above UTI
should not directly affect the cloud formation or
evolution below UTI

Cirrus Clouds below UTI

From Himawari satellite data:
Mean BT ≤ 250 K indicates deep
convective clouds, observed near
Singapore (1), offshore western
Bengkulu (2), and around Siberut
Island (3).
Mean BT of 250–260 K near the EAR
station suggests predominantly non-
cumulus or stratiform clouds.

Average Brightness Temperature (BT) derived from hourly Himawari

(1)

(3)

(2)

January 7-16, 2025

Easterlies

The cirrus clouds can result from the
outflow of these convective systems.

EAR

Persistence of UTI

(Top) Radar aspect ratio (AR) with N² peaks overlaid; red square mark active MJO events. (Bottom) Time–height 
cross-section of N² from COSMIC-2 (Nov 2024–Feb 2025) near EAR, with UTI (blue) and CPT (green) peaks. 

MJO1 MJO2

• COSMIC-2 shows that the UTI was very persistent (15-17 km) for at least 4 months without MJO impacts. 
• During active MJO, UTI merges with the second inversion above CPT due to convective upward motion and downward 

CPT motions due to wave activity. 
• AR peaks align very well with N²(UTI) peaks confirming the dynamically stable feature of the UTI.
• AR is minimum and oblique echo power is maximum above UTI confirming persistent turbulence above UTI.

• Turbulence above UTI continuously generate temperature irregularities through entrainment and does not 
breakdown the UTI for several consecutive months. 

Relative to AR

Relative to N2

Summary and Perspective

Schematic illustration of the observed system including UTI and the easterly jet 
(adapted from Fujiwara et al., 2003)

CPT

UTI
TTLUTLS

cirrus anvil Cu

Summary
Persistent turbulence above a stable inversion (15-16
km) in the TTL was captured by HYFLITS and EAR
measurements. Turbulence was linked to the easterly
wind shear.
The stable inversion is likely a UTI as defined by
Fujiwara et al. (2003). Persistent cirrus maintained by
convective outflow and an easterly advection was
confirmed by cloud particle sensors and satellite data.
Turbulence likely reinforces rather than erodes UTI
and should complement the mechanism of UTI
formation described by Fujiwara et al (2003).

Perspective
A second field campaign in 2026 will focus on
acquiring additional HYFLITS measurements during
active MJO conditions to better quantify TTL
turbulence and its role in stable inversion dynamics.

THANK YOU!
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INTRODUCTION
+ This study is concerned with time-height variations of the turbulence echo at 3-9 km 

altitude observed with EAR located at 100.3°E, 0.2°S, Kototabang, West Sumatera, 
Indonesia.

+ Atmospheric parameters were observed 25 times every hour by simultaneously 
launched radiosondes from 06 UT on 15 December 2005.

+ We especially focus on the relation

ߟ = the radar reflectivityܯ =  refractive index gradient (݀݊/݀ݖ) 

N2 = Brunt Vaisala frequency squared 

ε  = turbulence energy dissipation rate 

F = is the filling factor of turbulence in the radar range volume

ߟ ∝ ଶ/ଷߝ(ܨଶܰ)/ଶܯ

+ Definition of M by Ottersten, 1969 M = −77.6 × 10ି଺ ୮୘ ୒మ୥ + 15600 ୯୘ ୒మ୥ − ଻଼଴଴୘ ୢ୯ୢ୘ , pressure (p), temperature (T), specific 
humidity (q).

+ For a humid atmosphere : ܰଶ = ௚்ೡ ௗ ೡ்ௗ௭ + ௚௖೛
+ ߝ ≈ ߪ ,ଶܰߪ0.5 = The turbulent contribution to half spectral width obtained by removing 

the beam-broadening effects. 

+ Propose method for calculating F

F = %Ri ,for Ri<0 and 0<Ri<0.25
+ Richardson Number (Ri) calculated at 30 m vertical resolution, %Ri was derived over 150 m 

intervals to represent the radar’s effective range resolution.

ܴ݅ = ே೘మௗ௨/ௗ௭ మା ௗ௩/ௗ௭ మ
+ For saturated moist atmosphere, we used the model of ܰ ௠ଶ given by Duran and Klemp 

(1982).

INTRODUCTION EAR

+ Location: 100.3°E, 0.2°S

+ Temporal resolution of archived data: 10 
minutes

+ Range sample interval: 150 m

Radiosonde
+ Hourly data collection: 25 radiosondes were 

launched every one hour, beginning at 06 
UT on December 15, 2005

+ Temperature, relative humidity (RH), 
pressure (P), and wind velocity (u, v) profiles 
were sampled every 2 seconds (~10 m)

Vaisala RS41-SG radiosonde

Background Condition on 15 – 16 December 
2005: Convective Clouds

Satellite images of the infrared temperature (blackbody temperature; TBB) and cloud type 
classification according to Hamada et.al. (2004) at 13-19 UT  on 15 December 2005. Ci is cirrus, 
DCi is dense cirrus, Cb is cumulonimbus, Cu is cumulus. The circle is the EAR2 site, the yellow 
line indicates radiosonde trajectory. 

Background Condition on 15 – 16 December 2005: 
Relative Humidity, Temperature, Horizontal Winds

+ Time-height contour plots of 
relative humidity (RH) with 
respect to ice (%), 
temperature anomaly (T’), 
zonal wind velocity (u) and 
meridional wind velocity (v) at 
a height resolution of 10 m. 
The overlaid black lines 
indicate the ܴܪ = 90%. 

+ Cloud convection passed over 
the EAR site during 9 and 23 
UTC on 15 December. 
Radiosonde data indicated 
increase of the relative 
humidity (RH) below about 8 
km. 
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Turbulence Echo

Time-height contour plots of So (dB), σo (ms−1) and Sv-So (dB), with a time resolution of 10 minutes and a 
range resolution of 150 m, over 37 hours from 00:00 UT on 15 December 2005. (b) and (e) panels show the 
mean values derived from three oblique beams (north, east and south)

Signal to noise ratio for oblique beams:ܵ௢ = ௉೚௉ಿ ௥ଵ଴ ଶ
, ∆t =10 min.; ∆r = 150 m. 

So (< 6 km) is larger than So (> 6 km), but the echo 
intensity at 3-6 km was weaker at 2-6 UTC.

The spectral width of oblique beams (σo) is analyzed by  
removing the beam broadening effects. 
An enhanced hot spot of σo appeared during 14-18 UT 
centered at 7 km, which was associated with an 
interesting variation of So, suggesting a turbulence 
billow structure. 

N2 and M from Radiosonde

The parameters from radiosondes are calculated at the height 
resolution of 30 m, then averaged at a height interval of 150 m to 
mimic the range resolution of the radar.

ܰଶ = ݃ܶ௩ ݀ ௩ܶ݀ݖ + ݃ܿ௣
ܯ = −77.6 × 10ି଺ × ܲܶ ܰଶ݃ + 15600 ݍܶ ܰଶ݃ − 7800ܶ ݖ݀ݍ݀

These parameters are relatively enhanced below about 6 km. 
Range of the variations in dq/dz was larger bellow 6 km, whose 
pattern correlates well with the cloud passage. The intensity of 
M2/N2 is also greater below 6 km than above 6 km.

Relationship between log10(M2/N2) and So

The two-dimensional cross-correlation function (CCF) are calculated between logଵ଴( ଶܯ⁄ ܰଶ)
and ܵ௢as a function of altitude lag and time delay in the two height regions above and below 6 
km. 
Max CCF = 0.61 (3–5.5 km) & 0.62 (6–9 km) →Moderate agreement

ߟ ∝ ଶܰܨଶܯ ߝ ൗଶ ଷ

Richardson Number

݀݊݅ݓ ݎℎ݁ܽݏ = ݖ݀ݑ݀ ଶ + ݖ݀ݒ݀ ଶ
Ri= ே೘మ೏ೠ೏೥ మା ೏ೡ೏೥ మ

(a) (b)

(c) (d)

ܰ௠ଶ = ݃ܶ ݖ݀ܶ݀ + ௠߁ 1 + ௦ܴܶݍܮ − ݃1 + ௦ݍ ݖ௦݀ݍ݀
௠߁ = ௗ߁ 1 + ௦ݍ × 1 + ܿ௣௩ݍ௦ܿ௣ + ௦ܿ௣ܴܶଶݍଶܮ߳ 1 + ௦߳ݍ ିଵ

Time-height distribution of (a) 
0<Ri<0.25 (blue) and 0<Ri (red), (b) 
wind shear (s^(-1)),  (c) and (d) shows 
the percentage of  (0<Ri<0.25) and (Ri 
< 0) at the vertical resolution of 30 m, 
accounting for saturated atmospheric 
conditions by incorporating Nm

2. 

Because of the latent heat release due 
to condensation in saturated 
conditions, ܰ௠ଶ < ܰଶ. A static moist 
instability can then occur even when ܰଶ > 0. Note ܰ௠ଶ use only to estimate 
Ri.

Notable Turbulence Echo Event

ߟ ∝ ଶܰܨଶܯ ߝ ൗଶ ଷ
F = %Ri for Ri<0 and 0<Ri<0.25.

The profiles of  dq/dz, N2 , M2,M2/N2, σo, εo, So, η0.5 and 
ηRi at 17 UT

ߟ ∝ ଶܰܨଶܯ ߝ ൗଶ ଷWe defined F as
1. Constant F = 0.5
2. F = %Ri
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ߟ ∝ ଶܰܨଶܯ ߝ ൗଶ ଷ
15 UTC

16 UTC

17 UTC

18 UTC

Summary

+ We study the characteristics of turbulence scattering echo in the equatorial 
troposphere referring to the fundamental relation; ߟ ∝  ଶ/ଷon Decemberߝ(ܨଶܰ)/ଶܯ
15, 2005. The unpreceded hourly radiosonde data enabled us to analyze the time 
continuous variations of the atmospheric parameters, which are indispensable to 
investigate the behavior of ߝ ,ܴ݅ ,ܯ and ܨ.

+ The relationship between So and log 10(M2/N2), finding a moderate agreement, it 
does not seem to fully describe the characteristics of So. 

+ Convective clouds (09–23 UT) induced strong turbulence, leading to enhanced 
echoes (ܵ௢) and the wide spectral width ( ).

+ Individual hourly profiles during 15:00-18:00 UT at 6-8 km indicate that the local 
maximum of ܵ௢ does not coincide with the peaks of either ⁄ܯଶ ܰଶ or ߝ௢, but it 
locates between the two peaks. Therefore, ⁄ܯଶ ܰଶ does not fully explain the 
distribution of ܵ௢, but ߝ௢ must be taken into account.

+ The peak altitude agrees better between ߟோ௜ and ܵ௢ than with ߟ଴.ହ, indicating that ߟோ௜ reproduces the height distribution of ܵ௢well. 
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Outline

Introduction
Case study MJO Nov 2024 to Feb 2025
Statistical analysis for the MJO cases from Jan 2016 to Dec 2019
Observed variation of aspect ratio for the MJO cases from Jan 2001 
to Dec 2019
Comparisons Echo Power, N2 peak and altitude of the N2 peak
Summary

Introduction

P3

P4

P1

P2

P5

P6

P7

P8

MJO phase propagation from Outgoing Longwave Radiation (OLR) and 850 hPa wind anomalies (Wheeler and Hendon, 2004; 
WH04). By definition of WH04, MJO is active when the amplitude of Realtime Multivariate MJO index is equal or larger than 1. The
magnitude of RMM index is located outside the circle. 

EAR longitude 
coordinate 102.5E 
is within P3

Large scale cumulus 
convection during 
P3 and P4 over EAR 
station

Strong eastward 
wind (U > 0) in the 
lower troposphere 
at 850 hPa after 
cumulus convection 
is crossing over EAR.

Phase space points for all days in December-January-February 
from 1974 to 2003 (WH,2004).

No large scale convection over EAR 
station when MJO at P6 to P8

Echo power and wind from EAR observation (102.5E, 0.2S 865 m).
Temperature profiles observed by COSMIC2 GNSS Radio 
Occultation with location of occultation within 3° radius from EAR 
station for the case study Nov 2024 – Feb 2025.
The date with no COSMIC2 profile within 3° radius is defined as no 
observation data (missing value).
The average distance for all COSMIC2 profiles from EAR station 
throughout Nov 2024 – Feb 2025 is 1.1±0.63°. 
Temperature profiles obtained with radiosonde RS-41 at 
Singapore station (103.888E, 1.34041N altitude 21 m = 2.07° from 
EAR site) for the case study 2016 – 2019. (www.gruan.org)

Data

Brunt Vaissala frequency squared (N2) 
is calculated using observed 
temperature profiles

N2 = g/T (dT/dz + g/cp)

z : altitude
g : gravity acceleration
cp : heat capacity at constant pressure A comparison of typical temperature and Brunt Vaissala 

profile by radiosonde and nearby GNSS RO 
(Noersomadi et al; ACP, 2019)

GNSS 

LEO 

Basic principle of 
GNSS RO

UCAR

GNSS RO is a technique where a Low Earth Orbit (LEO) 
satellite measures the bending of Global Navigation 
Satellite System (GNSS) signals as they pass through 
the Earth's atmosphere to retrieve electron density 
(green), temperature (yellow), pressure, and water 
vapor (red).

results from Triani et al., 2025 

Case study MJO events 
Nov 2024 to Feb 2025

MJO1

MJO2

MJO1 and MJO2 are passing through the 
EAR station on Nov 24-25, 2024 and on 
Jan 23-24, 2025, respectively. 

N2 in the upper troposphere inversion around 15.5-16.2 km is pushed into ~ 17 km.  
A single peak of N2 is seen when MJO1 and MJO2 are crossing over EAR.

MJO1 MJO2

Strong eastward wind (U > 0) in the lower troposphere at 850 hPa 
after cumulus convection is crossing over EAR.

star (cyan) and circle (blue) 
are the altitude of peak N2

Pv : echo power at vertical beam
Po : average echo power at oblique beam
Aspect Ratio (AR) is defined as
AR = Pv – Po 

results from Triani et al., 2025 Average during 27 Dec 2024 – 17 Jan 2025

Upper 
Troposphere 
Inversion (UTI)

Single peak of AR
(MJO around P3 to P4)

Double peak of AR and N2

(MJO around P6 to P8)
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Case study MJO events 2016 – 2019

Supporting data : 
Realtime Multi variate MJO (RMM) index from BoM Australia.

Method : 
Search the MJO events when passing through within Phase 3 (P3) and Phase 4 
(P4) regions with amplitude >= 1 based on the RMM index.
Then, select the cases when the time duration within P3 and P4 equal or more 
than 10 days.
Define the middle date as the 0 lag day by assuming it is the day when MJO 
passed over the EAR site or nearly across the border line between P3 and P4 in 
the RMM diagram.  
For example, if the time duration within P3 and P4 is 16 or 17 days, then the 9th 
day is defined as the 0 lag day.

The same procedure was also applied for the cases when MJO at P6 to P8. 
We calculate the daily mean Pv and Po of 10 min EAR observation and N2 daily mean of twice daily temperature from 
Singapore radiosonde profiles. 
We collect all samples of Po, Pv, AR and N2 based on the MJO events at UTLS region, then calculate their composite mean.
The x-axis of composite diagram is Lag (day). The y-axis of composite diagram is relative altitude to the peak AR and N2.  
For the EAR data, the altitude reference (0 km) is the altitude of maximum AR within 16-18 km.
For the radiosonde data, the altitude reference (0 km) is the altitude of maximum N2 within 16-18 km. 

MJO 2016-2019 P3 to P4

The mean altitude of 
maximum AR is 17.23 
km. The maximum of Po 
show above 0 km 
relative altitude. 
suggesting that 
throughout P3 to P4, 
the MJO increase echo 
power at the 
tropopause.  

The mean altitude of maximum AR by EAR and maximum N2 by radiosonde is 17.23 km and 17.24, respectively. 
An interesting feature shows over lag positive days where AR indicate minimum at about 0.5–1 km altitude above the 
tropopause coincide with the low values of N2, suggesting MJO enhance the isotropic turbulence at above the peak AR.

MJO 2016-2019 P3 to P4AR
Nov 2024

N2

Nov 2024

MJO1

MJO1 Hmax(AR) = 17.27 ± 0.65 km Hmax(N2) = 17.18 ± 0.59 km

MJO 2016-2019 P6 to P8

Double peak of AR and N2 as 
shown in the MJO P6-P8 
(Nov 2024 – Feb 2025).

Enhance AR and N2 during 
negative lag day

AR < 3 dB above 0 km 
relative altitude within 
about 7 positive lag day

Hmax(AR) = 16.25 ± 0.49 km Hmax(N2) = 16.17 ± 0.63 km

P3 to P4 P6 to P8

MJO cases for Jun 2001 - Dec 2019

The results are persistent from the long term of EAR observation
- the peak AR within P3 to P4 (14 dB) was relatively larger than the peak AR within P6 to P8 (7-9 dB) 
- minimum AR  was observed at 0.5-1 km above the altitude of max AR. 

Hmax(AR) = 17.32 ± 0.54 km Hmax(AR) = 16.25 ± 0.58 km

AR
Nov 2024

N2

Nov 2024

MJO1

MJO1

Downward propagating 
Kelvin wave Minimum AR associated with low N2

UTI was forced up into about 17.32 km due 
to large scale convective system of MJO

UTI was maintained at ~16 km when 
large scale convections were located far 
away over EAR site. 

Next, we are 
interested in the 
variation of 
altitude of UTI 
and N2

Top panel:
Black: Time series of the UTI peak of log10(N2)
Red: Time series of its normalized altitude z_norm. The 
normalization is: z_norm=z/3-8.5 (km) to fit the level 
of log10(N2).
The correlation (0.82) between the two is spectacular.
There is linear relationship between log10(N2) (or log10(N4)) 
and z_norm.
The static stability of the UTI linearly increases (decreases) 
when its altitude increases (decreases).
The right panel is the corresponding scatter plot: The 
regression is close to 1 (0.82, equal to correlation, by 
chance).

Bottom panel 
The same analysis for the inversion above tropopause about 
17 km. The correlation is very poor (0.06) and the regression 
is also close to 0, so that there is no relationship between 
the two.
The relationship between altitude and amplitude of N2 is 
specific to UTI.

Comparisons Echo Power, N2 peak
and altitude of the N2 peak

CPT : cold point tropopause
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(Top)
Hourly-averaged Signal to Noise Ratio (SNR) from vertical 
beam between 14 and 19 km from Nov 26 to Jan 16. Here, 
we focused on the first peak of echo power associated 
with the Upper Tropospher Inversion (UTI).

(Middle)
Black dots: Time series of echo power associated with 
UTI, corrected from range attenuation effects 
(i.e. Pv * z2, in dB), z=altitude. 
Red dots: Time series of normalized altitude znorm of the 
echo power peak.
The normalization is: znorm=z*5–27. The coefficients have 
been applied to fit the levels of Pv * z2 =Pvcor 
There is a clear correlation between the two 
(corrcoef=0.5). When the altitude increases (decreases), 
then Pvcor increases (decreases) linearly (at least in the 
first order). 

(Bottom)
There is a dominant oscillation at 10 days for both 
parameters (the frequency spectra of Pvcor and znorm. 
A modulation by a Kelvin wave ?

1
Proposed model 

2
then

5 4
527 3

all the results are consistent with:
- a time variation of N2 (UTI) with altitude z only
- A variation in echo power over time caused solely by 
changes in N2, which are themselves due to altitude 
variations.

 A remarkable relationship.

Summary
The MJO increases echo power at the tropopause, forcing the peak AR into about 17.2 km.

The MJO enhance the isotropic turbulence at above the peak AR associated with low N2

values.

Double peak of AR and N2 as shown in the MJO P6-P8 (large scale convections were located 

far away over EAR site) are persistent.

AR < 3 dB above 0 km relative altitude within about 7 positive lag day.

We demonstrated that time variation of N2 (UTI) with altitude z only.

We found a variation in echo power over time caused by variations in N2, which are 

themselves due to altitude variations.
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1Research Center for Climate and Atmosphere, National Research and Innovation Agency 
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Introduction

• Specific humidity is related to the observed M (M*), which is described as

• The retrieved M* is in an absolute value, and the Filling Factor (F) of 
turbulence is estimated through (NOAA) Aeronomy Laboratory model

• The volume reflectivity depends on the radar power echo and radar set. 
• Calculating q using EAR data is highly dependent on M, which faces 

challenges since its negative or positive sign is not provided by the radar. 

Introduction
Several methods have been proposed to estimate q using WPR. 

• One approach links q with various turbulence-related 
parameters measured by WPR-RASS (Tsuda et al., 2001). 

• Another study enhanced this work by utilizing WPR to 
identify transition levels, such as the top of the boundary 
layer. This technique helps align humidity profiles by 
adjusting calibration coefficients, thereby reducing error (Said 
et al., 2018). 

• Furumoto et al. (2003) focuses on determining q using 
turbulence-derived values obtained from EAR. This method 
establishes an upper boundary by incorporating total water 
vapor data from radiosondes or GPS, which allows for the 
generation of continuous q profiles in the tropical troposphere

• However, these methods have not proven fully effective. Furumoto et al. (2003)

Introduction

• Amaireh et al. (2023) proposed a method, 
where the moment data from the raw spectrum 
is used to predict the relative humidity in two-
cascaded steps. 

• In the first step, the moment data is used as 
input features to predict the pressure. 

• In the second step, the predicted pressure and 
moment data are combined to predict the 
relative humidity (RH) without using 
temperature. 

• The best model presented R2 of 0.778 and MSE 
of 93.83

Amaireh et al. (2023) 

Introduction

The primary objective of this study is 
to develop an accurate and 
interpretable ML method to 
estimate vertical profiles of q. 

This study proposes integrated 
measurements from the EAR-RASS, 
with a particular focus on utilizing T 
as the main novelty 

Datasets

EAR-RASS and Vaisala RS-41SG radiosondes collected 
during an observation campaign in Kototabang from 
August 31 to September 2, 2016. 

• The datasets consist of six profiles, each containing 
a total of 37 data points (from 2.065 km to 7.465 
km) recorded at 150-meter intervals.

• To estimate specific humidity, features such as T , 
Pr, and  from the EAR-RASS measurements were
used for training (80%) and testing (20%) the 
machine learning (ML) models. 

• q, which serve as reference/label, are estimated 
from radiosonde data.
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The proposed method

Features:
EAR-RASS measurement of
• Temperature (T ), 
• Echo power (Pr), and 
• Doppler spectral width ( )

Machine Learning (ML) 
models 
• Simple regression 

models (Ridge, Lasso), 
• Ensemble models 

(Random Forest, 
Gradient Boosting, and 
XGBoost)

Evaluation:
• Performance 

evaluation (Mean 
Squared Error (MSE) 
and R²). 

• Feature importance (F-
statistic and p-values 
from ANOVA)

Reference/Label:
Specific humidity (q) from
Radiosonde measurement of
• Temperature (T)
• Pressure (p)
• Humidity (RH)

Predicted 
Specific 
humidity (q)

Feature Engineering:
• Weighting/scaling
• polynomial terms
• interaction features
• log transformations

Results

Performance of Models With Different Feature 
Engineering and Hyperparameters Summary

Ridge models, enhanced through feature engineering, significantly outperformed other 
models, achieving an MSE of 0.955 and an R² of 0.885. The effectiveness of Ridge and 
Lasso models demonstrates that the selected features made these models simple, 
efficient, and robust. 
A robust model fit was confirmed as a diverse suite of algorithms, including regularized 
linear models and complex ensembles, all demonstrated strong predictive power with R² 
exceeding 0.82 and MSE values below 1.44. 
These models outperformed those that did not incorporate T and only depend on moment 
data of WPR, such as wind speed, SNR, and Doppler spectral  width from WPR. 
This highlights the crucial role of T in the analysis. Despite the challenges posed by limited 
data, the research produced valuable findings. 
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Equatorial Plasma Bubble detected
by L-Band Synthetic Aperture Radar

and GPS-TEC Observations in
Indonesian Regions

Ihsan Naufal Muafiry

The 19th Symposium on MU Radar and Equatorial Atmosphere Radar

Ionosphere Layer

INDONESIA

• The ionosphere is a
charged atmospheric layer,
varying with altitude and
time due to solar activity,
day-night cycles, and
seasons.

• Equatorial ionization
anomalies (EIA) feature
two electron density
peaks near the magnetic
equator.

• Indonesia, situated along the
equatorial region, experiences
strong ionospheric dynamics,
including Equatorial Plasma
Bubbles (EPB).

Dos Santos et. al.,
(2018)• EPB found in

South America

#1 Equatorial Plasma Bubble (EPB)

Otsuka et. al., (2023)

• Plasma bubble is significant reduced electron
density

• The eastward electric field at sunset time
induces upward plasma drifts at the equator

• EPB occurrences peak during equinoctial
months (March and September) due to high
solar activities

Rayleigh-Taylor instabilities (RTI) causes plasma bubble

EAR conference (2023)

#2 Equatorial Plasma Bubble (EPB)
• Sato et al. (2021) reported

two-dimensional images of
plasma bubble over northern
Brazil using ALOS-
2/PALSAR-2 images

• Stripe-like patterns are
observed overlapped with
airglow image associated
with the structure of
equatorial plasma bubble
(EPB)

Sato et. al., (2021)
Abadi et. al., (2024)

In Indonesia, EPB has been measured
through GNSS scintillation and Very
High Frequency (VHF) radar.

This provides opportunity
to detect EPB with ALOS-
2/PALSAR-2 images over

Indonesian Regions

May 2024 Geomagnetic Storms

240509

EPB after Geomagnetic Storms in 2023 (Sun et. al., 2024)

https://weathernews.jp/

• In May 2024, a powerful geomagnetic storm occurred,
peaking on May 11 with a Dst index of -412 nT,
marking one of the most intense geomagnetic
disturbances (weathernews.jp)

• In Japan, low-latitude aurora was observed
• During geomagnetic storm, unseasonal EPB can occur

due to growth of R-T instability through storm-time
electric field

• In Indonesia, clusters of EPB found on May 9th, 2024

https://gatotkaca.brin.go.id/petaionosfer/ionosphericmap/

https://wdc.kugi.kyoto-u.ac.jp/ Hokkaido (May 11, 2024)

Indonesia
May 9, 2024

Our goal:
1. Detect EPB on May 9th, 2024

using SAR images over
Kalimantan and Bali

2. Validate with GNSS-TEC and
SAR images on non-EPB days

https://wdc.kugi.kyoto-u.ac.jp/

January 18,
2024
(240118)

February 1,
2024
(240201)

Indonesia
May 9,
2024

https://gatotkaca.brin.go.id/petaionosfer/ionosphericmap/

The entire Indonesian region covered by
high values of TEC irregularities
associated with EPB on 240509

Details on the ROTI map generation is
included in Abadi et al (2025)
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Datasets:
1. ALOS-2/PALSAR-2

2. GNSS Data (in Indonesia)

Area Dates
(yymmdd)

Path Frames Acquisition time

Kalimantan 240118 130 (7110, 7120) 16:39 UT (23:39 LT)
240201 130 (7110, 7120) 16:39 UT (23:39 LT)
240509 130 (7110, 7120) 16:39 UT (23:39 LT)

Kalimantan
16:39 UT

16:37 UT

Bali

• Some GNSS stations are used
to validate the TEC changes from SAR
based estimation

Java Sea

GNSS-TEC
GNSS-TEC is method for measuring total electron content
using phase differences of two GNSS signals (L1 and L2).
The Rate of TEC (ROT) is calculated as the difference in TEC
between consecutive observations, commonly at 30-second
intervals. The Rate of TEC Index (ROTI) represents ionospheric
irregularities and is computed as the standard deviation of ROT
values within a specific time window, such as 5 minutes. The
depletion of TEC made by plasma bubble are isolated using 60
minutes running average

c speed of light 3 x 108 m/sf the center frequency 1270 MHzy

Sato et al., 2018

TEC gradient along azimuth track

SAR image On EPB day, SAR image is
already unfocused compared to

non-EPB days.

ROTI:
No EPB over
Kalimantan on
these days

ROTI:
There are EPB over
Kalimantan on
240509

ROTI and TEC Depletion:
Kalimantan (May 9th 2024)

240201240118

240509240509240509

16:39 UT

240509

https://gatotkaca.brin.go.id/petaionosfer/ionosphericmap/

16:39 UT

Kalimantan

Azimuth offset & VTEC changes
Sporadic-E irregularities in JapanEquatorial Plasma Bubbles in Indonesia

Look

Flight

240509

Plasma Bubble causes larger offsets in SAR images

Fujimoto et. al., (2024)

LookFlight

240509 17 km
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TEC changes on non-EPB and EPB days
240118 240201 240509

• TEC changes
on January
18th and
February 1st
are smaller
than during
EPB on May
9th.

17 km

16:39 UT

Kalimantan

• Typical TEC depletion associated
with plasma bubble was found
measured by GNSS-TEC in a range
between 5-10 TECU during SAR
image acquisition (16:39 UT)

TEC DEPLETION
MEASURED
BY GNSS-TEC AND
SAR IMAGES

• The observed peak
TEC depletion from
SAR image is
measured around 5
TECU

SAR Image over Bali
• SAR frames are covering both land and

ocean regions, and the ocean region is
masked out

• High ROTI is not overlapped with SAR image
during Bali acquisition (16:37 UT)

• SAR image is azimuthally well-focused and
shows weak azimuth shifts similar to those
during non-EPB days

Conclusions
• Azimuth offset of ALOS-2/PALSAR-2 SAR images has been used to detect

ionospheric irregularities in equatorial region during intense May 2024
Equatorial Plasma Bubble occurrences

• Large azimuth offset of SAR images was found on May 9th, 2024 in Kalimantan,
Indonesia, beyond 20 meters

• The TEC depletion observed by GNSS-TEC technique confirms the occurrence
of Equatorial Plasma Bubble around the frames of SAR images

• The peak of TEC changes for plasma bubble calculated by azimuth offset is
much larger than that of Sporadic-E (Es) in Japan

• Such a large azimuth offset is not detected in SAR images over Bali and during
acquisitions under low geomagnetic conditions

The space weather data are obtained from World Data Center for Geomagnetism, Kyoto University (wdc.kugi.kyoto-u.ac.jp). The ALOS-2/PALSAR-2 level 1.1 data in this study are shared among
PIXEL (PALSAR Interferometry Consortium to Study our Evolving Land Surface) under a cooperative research contract with the Earthquake Research Institute, University of Tokyo. The ownership of
ALOS-2/PALSAR-2 data belongs to JAXA. The authors thank the Indonesian Geospatial Information Agency (BIG) for GNSS data (www.srgi.go.id). ROTI map is accessible via
https://gatotkaca.brin.go.id/petaionosfer/ionosphericmap.

Thank you for your attention
Email: ihsan.naufal.muafiry@brin.go.id
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Background : Ionosphere

Ionosphere : altitude 50-60 km to 1000km
• Atmospheric nitrogen and oxygen are partly 

ionized by solar ultraviolet rays, forming 
plasma.

• The ionosphere reflects radio waves, and the 
highest reflectable frequency is called foF2.

http://daigakunyuushikouryakunoheya.web.fc2.com/image/buturinozatugaku/denjikigaku/denjiha/de
njiha5.gif

Ionosphere

F layer(160km~)

E layer(90km~)

D layer(60km~)
HF

MF
VLF

Earth ground

3

Background : Ionogram and spread F

• Graphical image of ionospheric electron 
density, showing how reflection altitude 
relates to radio wave frequency.

Vertical Axis : Virtual Height
Horizontal Axis : Frequency

Ionogram

H
EI

G
H

T[
km

]

FREQUENCY[MHz]

https://wdc.nict.go.jp/Ionosphere/condit
ions/assets/img/02-3.png

• In the F layer, radio wave reflections 
appear blurred on the ionogram.

• This shows disturbed ionospheric electron 
density.

• Such disturbances impair satellite 
communication and GPS

spread F

normal spread F

spread F
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Background : Classification of spread F

Normal

Frequency type

Range type

difficult to distinguish them 
because of the difference in 

angle

Spread in the frequency 
direction (horizontal 

axis)

spread in the 
altitude direction

(vertical axis)

Mixed typewhen both 
happen at once

4

5

Background : Previous studies
Previous Studies on Automatic Detection of spread F 
Using Machine Learning Model
Automatic Detection and Classification of Spread-F From Ionosonde at 
Hainan With Image-Based Deep Learning Method
M. Yacoub et al., J. Atmos. Solar-Terr. Phys., vol. 270, 2025.
• Using observation data from Fuke Station in Hainan Province, China
• Classification of spread F types is also performed.
• Training was performed using ResNet, EfficientNet, and ViT, and a detection accuracy of up to 

92.5% was achieved with ResNet50.

Automatic Spread-F Detection Using Deep Learning*2

C. Luwanga et al., vol. 57, no. 5, pp. 1–16, 2022, doi:10.1029/2021RS007419
• Obtained training data from NOAA data repository
• 95% accuracy with ResNet50 + Adam

6

Detection of ionosonde at Shigaraki MU Observatory

Last year, we used Mask R-CNN 
machine learning model to detect 
spread F from ionograms
observed at Shigaraki MU 
Observatory with high accuracy.

Research objective
Evaluation of a method to detect spread F using Mask R-CNN by attempting to detect spread F 
using the same method used for the ionosonde at Shigaraki MU Observatory on SEALION data 
installed in Southeast Asia
Validation of the model using long-term ionogram data to evaluate its applicability to different 
seasons and changes in solar activity.

Existing research (Shigaraki) indicates effectiveness, but remains unverified in other regions, 
seasons, and under varying solar activity.

Problem

SF No_SF No_D PM

SF 300 15 0 0.95
No_SF 5 114 0 0.96
No_D 12 9 45 0.68
PO 0.95 0.83 1.0 0.92

spread F(spread F)

No_SF(not spread F)
y g

accuracy : 300+114+45
500 = 0.92

M
od

el
ou

tp
ut

Automatic detection at Shigaraki
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Background : SEALION

https://aer-nc-web.nict.go.jp/sealion/images/map.png

• The Ionospheric Anomaly Observation Network for Southeast Asia operated by NICT
• Monitors the impact of ionospheric phenomena such as plasma bubbles on satellite 

communications and GPS
• It sets observation sites in Southeast Asia and both hemispheres to study equatorial ionospheric 

disturbances.

Background : Mask R-CNN

Workflow of Object Detection in Ionogram

8

Backbone(ResNet50)

RolAling

Object detection
head

Mask generation
head

RPN

o
ut

3

2

1

in
Using a CNN (Convolutional Neural 
Network) to extract features from images

Ionogram image (plot region only)

Mask : Object segmentation
Box : Position and size of detected objects
Class : Class label (category) of detected objects

Object Detection Head predicts the object class 
(type) and position for each RoI.

Using RPN (Region Proposal Network) to predict 
where objects are likely to be (RoI)

Ovreview
method for object detection and segmentation
Uses Convolutional Neural Networks (CNN) as the 
backbone to extract features from images

Input : 
Ionogram image 
(plot region only)

Judge : Red region is spread F

4.Class

spread F

4.Box

Mask

=

9

Training : settings and Data Utilization by Observation Site

Training settings

Model Mask R-CNN
(ResNet-50)

Library PyTorch(Python)
Frame work detectron2

Training data 500 ionograms observed in 
Chiang Mai

calsses Es2 No_SF(2013),
SF, AMB, SF_diagonal(2009)

Out put 6 (5 types of classes + when no 
detected object exists)

Optimization 
Methods

SGD

Training rate Start at 0.01 and gradually 
decrease

training
validation   data
inference 

inference data

Data Utilization by Observation Site

Cite https://aer-nc-web.nict.go.jp/sealion/images/map.png

10

Training : Class Definitions

→ Training data included small echoes to enhance accuracy

Enlarged view of training data

No. Class name Explanation
Es2 E-layer echo

No_SF A bifurcated object capable of accurately reading values such as fof2 from 
an ionogram

SF spread F
AMB Unable to determine whether spread F is occurring (cannot_judge)

SF_diagonal Among these, specifically those that are not mixed-type spread F

AMB : Handling Ambiguity in Mask R-CNN

F

At what stage can the phenomenon be classified as spread F?
Normal spread F

→It is difficult to judge phenomena involving continuous change solely 
based on the binary values of “normal or abnormal.

• Mask R-CNN is a model designed 
for clear-cut class classification

• In actual ionograms, intermediate 
states exist between normal and 
spread F
• Even to the human eye, it is 

difficult to determine which 
category they belong to.

problem
• Training using ambiguous ionograms caused mislearning 

and overlearning.
• When intermediate states were excluded from the training 

data, large differences between classes led to unstable 
learning.

→ In both cases, numerous false detections of intermediate 
states occurred during inference.

Add AMB

• Avoid forcing ambiguous 
data into categories; allow it 
to fall into intermediate 
classes

11 12

Detection accuracy in SEALION data

12

M
de

lo
ut

pu
t

accuracy : 91+135+242
500 = 0.93

Detection accuracy on validation data 
(n = 500)
Verification using data from Chiang Mai
Blue : Correct
Red : Miss
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Trends in spread F Observed at SEALION
The type of spread F frequently observed varies by season and time of day.

Most frequently 
observed between 8 PM 
and midnight during the 
spring and autumn 
equinoxes

Late summer nights 
(after midnight)

13

Frequency and range type

Mixed type
The two graphs shows the 
number of spread F detections at 
three observation points counted 
weekly in 2013

Seasonal trends(upper)
• spread F is frequently 

observed during the vernal 
and autumnal equinoxes.

Time trends(lower)
• spread F is mainly observed 

from 20:00 to 23:00(local 
time).

Trends in Years of High Solar Activity (2013)

15

Trends in Years with Low Solar Activity (2009)
Observations were frequent during late night hours in summer (primarily August)
The occurrence of spread F on the spring and autumn equinoxes was milder than in years with 
high solar activity

Number of observations by time

,

• Most observations occur 
after midnight

• The number of observations is 
higher in summer than in spring or 
autumn.

• June through August see a high 
number of late-night observations.

Number of observations by week Number of observations by month

Issues
In the SEALION data, a high proportion of ionograms classified as AMB was confirmed. Therefore, 
for automatic detection, it is considered preferable to introduce a quantitative evaluation method 
independent of thresholds rather than threshold-based determination

Result
Using the same method as Shigaraki MU Observatory, 
SEALION ionograms detected spread F with 93% 
accuracy.

High accuracy is achieved at training locations (e.g., 
Chiang Mai)
Accuracy drops at other sites due to differences in 
noise characteristics

We also confirmed the trend observed in previous studies that the occurrence tendency of spread 
F differs depending on solar activity.
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2025年度MUレーダー・赤道大気レーダーシンポジウム

改良電離圏トモグラフィーを用いた磁気嵐時の電離
圏擾乱の3次元構造の研究

1,*齋藤享, 2野崎太成, 2山本衛
1国立研究開発法人海上・港湾・航空技術研究所電子航法研究所

2京都大学生存圏研究所

1 2025年度MUレーダー・赤道大気レーダーシンポジウム2

Ionospheric density profile measurements

3-D ionospheric density profiles are very useful for radio applications (such as 
communications or GNSS augmentation) as well as ionospheric sciences.

- But it is difficult to observe them regularly and continuously.

Ionosonde:
Classic simple device
Bottomside profiles only

GNSS radio occultation:
Globally observable
Smoothed in a wide 
horizontal area

Incoherent scatter radar:
Very powerful, various parameters 
can be derived.
Extremely expensive

[Haji and Romans, 1997]

2025年度MUレーダー・赤道大気レーダーシンポジウム3

Real-time 3-D ionospheric tomography
Purely observation-based, with constrained least 
squaresImplemented as a real-time service

- Since March 2016, every 15 min with about 3 min latency

Saito, S., Suzuki, S., Yamamoto, M., Chen, C.-H., and Saito, A. (2017) Real-Time Ionosphere Monitoring by 
Three-Dimensional Tomography over Japan. J Inst Navig, 64: 495– 504. doi: 10.1002/navi.213.

GEONET 
stations (200 

selected)

2025年度MUレーダー・赤道大気レーダーシンポジウム

Comparison with Incoherent Scatter Observation

4
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Peak densities are well reproduced.

Peak heights are sometimes underestimated when the true height is low.

[Saito et al., APRASC, 2019]

2025年度MUレーダー・赤道大気レーダーシンポジウム5

Improvement to the GNSS tomography

Ssessanga et al. [2021]
- Introduce ionosonde measurements 

to add constraints to tomography 
solution.

- Modify original (TEC-only) 
tomography results by using 
ionosonde data in the assimilative 
approach (3-D VAR)

- Introduce log-normal distribution 
assumption for solutions to 
constrain the solution so that they 
are always positive.

This study further improves this 
method.

Ssessanga, N., Yamamoto, M., Saito, S. et al. Complementing regional ground GNSS-STEC computerized 
ionospheric tomography (CIT) with ionosonde data assimilation. GPS Solut., 25, 93 (2021). https://
doi.org/10.1007/s10291-021-01133-y
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Improvement to the GNSS tomography - theory
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Ãj−1 ≡
⎡
⎣∂

(
A( �X)

)

∂ �X

⎤
⎦

�Xj−1
a

J( �X) =
1

2

[
�Y −A( �X)

]T
R−1

[
�Y −A( �X)

]

+
1

2

[
�X − �Xb

]T
B−1

[
�X − �Xb

]

∇J( �X) =
[
�X − �Xb

]T
B−1

−
[
�Y −A( �X)

]T
R−1

⎡
⎣∂

(
A( �X)

)

∂ �X

⎤
⎦ = 0; �X = �Xa

Observations

Unknowns

Cost function

Minimize cost function

Use iteration
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Solution

[Sessanga et al., GPS Solut., 2021]
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Improvement in the height estimation

Peak heights are estimated by the improved tomography much better than the 
original (TEC-only) tomography.

Peak height comparison: Tomography - Incoherent scatter 
(2022-2023)

MUR

2025年度MUレーダー・赤道大気レーダーシンポジウム8

5 November 2023

Detrended TEC ROTI Absolute VTEC

2025年度MUレーダー・赤道大気レーダーシンポジウム

TEC variation (5 Nov 2023)

9

Depletion region glowed 
northward, then faded away 
in drifting westward.

2025年度MUレーダー・赤道大気レーダーシンポジウム

3-D structure: 12:45 GPST (21:45 LT)

10

32ºN133ºE

260km 440kmField-aligned structure 
on the southern side

Sharp at the west edge 
than the east edge

Electron density 
enhancement at lower 
altitudes

2025年度MUレーダー・赤道大気レーダーシンポジウム

Realtime analysis

11

CPU
Intel Core i7-14700 

(8/12 Performance/Efficient  cores)
(8 cores are used for tomography )

RAM 64 GB
OS AlmaLinux 9.2

Python Python 3.12.2, numpy 2.2.5, scipy 1.15.2

Computational environment

Real-time analysis is running flawlessly. 
- Processing time is about 2-2.5 min.
- Additional wait time (~a few minutes) for 

ionosonde data to be ready is needed.

Improved tomography results can be obtained 
with latency of about 5 minutes

GNSS-only tomography can be obtained before 
the ionosonde data are ready. https://www.enri.go.jp/cnspub/tomo3_new/

2025年度MUレーダー・赤道大気レーダーシンポジウム

Summary

Ionospheric 3-D tomography over Japan has been improved.
- Ionosonde data are assimilated.
- Geometry matrix, covariance matrix, and cost function are modified.
- Ionospheric layer height are better represented.

3-D structures of ionospheric disturbances during the geomagnetic storm on 5 
November 2023 has been investigated.

- Equatorial plasma bubble-like structures embedded in electron density 
enhancement are found.

- Field-aligned electron density depletion as well as electron density enhancement at 
lower altitudes are found.

- Consistent with upwelling of ionospheric plasma associated with the Rayleigh-
Taylor instability

Real-time analysis system of the improved tomography has been developed.
- Every 15 min, latency of about 5 min

12
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Post-sunrise ionospheric irregularities in 
Southeast Asia during the Geomagnetic 
Storm on 19 -20 April 2024
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19 MU

The 19th Symposium on MU Radar and Equatorial Atmosphere Radar (9/8-9, 2025)

• EPB refers to plasma 
depletion in nighttime, and 
it contains irregularities on 
various spatial scales

• North-south structures
• Eastward migrating EPB 

driven by thermospheric 
wind

• The mechanism generation 
via Rayleigh-Taylor 
instability (RTI)

• The generation needs 
seeding and an eastward
electric field

eastwardwestward

Observations by all-sky airglow imager 
on 5 April 2011

taken from Fukushima et al. (2019)

EPB

EPB

Equatorial Atmosphere Radar (EAR)

Eastward

Equatorial Plasma Bubble (EPB)

Equatorial Plasma Bubble (EPB) during geomagnetic storm
Post-sunset hours:
PRE + undershielding PPEF super 
“EPB”
Overshielding PPEF and DDEF 
suppressing EPB generation

Post-midnight and around sunrise 
hours:
Overshielding PPEF and DDEF 
enhances EPB generation

From Abdu (2019); https://doi.Org/10.1186/s40645-019-0258-1

Eastward 
electric field

During the storm, does sunrise EPB 
connect to post-sunset EPB?

The Geomagnetic Storm on 19 – 20 April 2024

From Panda et al. (2025); HHTTPS://DOI.ORG/10.3390/RS17061100

A good opportunity: to 
investigate the 
connection between 
post-sunset and sunrise 
EPBs during a storm 
event.

Southeast Asia 
observations

Post-sunset

Sunrise

~19 UT

Overshielding PPEF

Methods and Observation

Magnetic 
Equator

Longitude (deg)

La
tit

ud
e 

(d
eg

)

Bac Lieu MeijiChumphon

Dots: GNSS receivers in Indonesia CORS
Triangles: ionosonde

https://gatotkaca.brin.go.id/petaionosfer/

Indonesian TEC and ROTI maps 
database

Methods: Observing depletion and irregularities

6

rTEC , =
TEC , TEC

TEC

TEC is the average TEC values from 
longitudes i – 3. 5° to i + 3. 5° at latitude j.

TEC map

ROTI map

TEC depletion
(EPB)Irregularities

depletions

rTEC map
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rTEC , =
TEC , TEC

TEC

TEC is the average TEC values from 
longitudes i – 3. 5° to i + 3. 5° at latitude j.

TEC map

ROTI map

TEC depletion
(EPB)Irregularities

depletions

rTEC map

Methods: Observing depletion and irregularities Methods: Electric field observations

Vertical motion of virtual height (h’F) eastward electric field

A sequence of ionograms from the Bac Lieu ionosonde recorded 
between 21:00 and 23:00 UT on 19 April 2024.

Prompt-penetration electric field (PPEF) 
model from the University of Colorado at 
Boulder

https://geomag.colorado.edu/online-calculators/real-time-model-ionospheric-
electric-fields

Modeling the quiet electric field and PPEF, 
both undershielding and overshielding, but 
not for DDEF.

Electric field model for the equatorial region 
at a longitude of 100E on 19 April 2024

Results: Observations of ROTI and TEC depletions 

ROTI map rTEC map

Results: Observations of ROTI and TEC depletion 
Sunset Sunrise Sunset Sunrise

Results: Ionosonde observation Discussion
Possible mechanism for sunrise equatorial ionospheric irregularities during a storm event
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Summary
• First study to connect post-sunset and post-sunrise ionospheric

irregularities during a geomagnetic storm, focusing on the storm of 19–
20 April 2024.

• Post-sunset EPBs formed in western Southeast Asia due to PRE, drifted
eastward, and left plasma depletion structures that later moved
westward.

• Storm-driven electric fields raised the F-region height at sunrise,
reactivating irregularities within these residual depletion zones.

• These locations of remnants likely acted as seed points for sunrise
EPBs, emphasizing the influence of storm-time electric fields and pre-
existing perturbations on EPB/irregularities generation during the
storm.

For detailed content of this study, please find it at:
https://www.mdpi.com/3457814

Abadi, P., Muafiry, I. N., Pratama, T. N., Putra, A. Y., Faturahman, A., Noersomadi, Maryadi, E., 
Chabibi, F. F., Ahmad, U. A., Li, G., Sun, W., Xie, H., Otsuka, Y., Perwitasari, S., & Jamjareegulgran, P. 
(2025). Post-Sunrise Ionospheric Irregularities in Southeast Asia During the Geomagnetic Storm on 
19–20 April 2024. Remote Sensing, 17(16), 2906. https://doi.org/10.3390/rs17162906

See for other cases
Next research

Future research should explore “initial perturbations” for the newly 
formed sunrise EPBs in scenarios where post-sunset EPBs do not occur.

25 November 2023 25 November 2023

Overshielding PPEF

Thank you!

Prayitno Abadi
Research Center for Climate and Atmosphere, BRIN
E-mail: pray001@brin.go.id
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2.66%89.79%.
3.52%85.25%.
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Current status of our collaborative research program
• Our collaborative research program:

Aim 1: Simultaneous observation of time of flight (ToF) and Doppler frequency
shift (DFS) of each echo of the Shigaraki ionosonde.

Aim 2: Quantification of the growth rate of medium-scale traveling ionospheric
disturbance (MSTID) instability if its echoes are sampled.

Method: Construction and application of the maximum likelihood estimator (MLE)
based on the transmitted waveform.

Feasibility: Partial feasibility is shown in the preliminary analysis of echoes of the
Chung-Li ionosonde1.

• Current status:
Revision: The controling software of the Shigaraki ionosonde was revised to repeat

specifyed pulses while keeping the risk of malfunction suppressed.
Test: Revised software was tested without physical transmition.

Identification: Currents in the two ionosonde antennas were measured and Tx and Rx
antennas were identified.

Smpling: Sampling of ionospheric echoes of pulses by the revised controlling software
during maintenance periods of MU radar is under preparation.

1K.-J. Ke et al., “New Chung-Li Ionosonde in Taiwan: System Description and Preliminary Results,” Remote
Sensing, vol. 14, 2022.

2 / 12

Preliminary analysis: Chung-Li ionosonde echoes2

The pulse trains from the Chung-Li ionosonde were sampled at the Okinawa Electromagnetic
Technology Center of NICT from 4:00 to 4:54 on March 24, 2024 (JST) and cross-correlated
with the model replicas. The two highest-intensity echoes (in the F and E regions) of each 4.8
MHz pulse train are identified and annotated on the maps.

2T. Iwamoto and M. Konishi, “Simultaneous observation of the time of flight and the Doppler frequency
shift of each HF wave refracted in the ionosphere,” JpGU, 2025.

3 / 12

Estimated ToF and DFS of echoes in F and E regions

The cross-correlation intensity vs. the DFS is plotted in each subgraph, which is vertically
aligned with its ToF.
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Comparison of observation and extrapolation of DFS
The observed ToF is extrapolated with the estimated DFS during the next interval and
compared to the next ToF. No significant difference is recognized between them.
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Idealized model of received samples

Suppose that known wave form is sampled at time t1, t2, . . . , tk, . . . after ToF τ0 with DFS �0

with additional noises n

s(tk) = e2πi�0(tk−τ0)x(tk − τ0) + n(tk).

and that the noises obey independently identical Gaussian distribution of standard deviation σ{
E[n(tk)] = 0

E[n∗(tk1)n(tk2)] = σ2δtk1
,tk2

,

where Kronecker delta is represented by δtk1
,tk2

. With the following model

yθ(t) = e2πi�(t−τ)x(t− τ),

MLE is constructed.

6 / 12
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Maximum likelihood estimator

From the noise distribution, a log likelihood function is derived as

�(θ) = − 1

2σ2

∑
k

|yθ(tk)− s(tk)|2 + (indep. of θ)

=
1

σ2
�
(∑

k

y∗θ(tk)s(tk)

)
+ (indep. of θ).

and a MLE θ̂ = (τ̂ , �̂) is defined by the argument that maximizes the likelihood function.

7 / 12

Cramér-Rao bound (CRE) of the DFS estimator3

The first and second partial derivatives of the log likelihood function with the DFS � are
derived as follows

∂�

∂�
(θ) =− iπ

σ2

∑
k

(tk − τ)
{
e−2πi�(tk−τ)x∗(tk − τ)s(tk) − e2πi�(tk−τ)x(tk − τ)s∗(tk)

}
,

∂2�

∂�2
(θ) =

2π2

σ2

∑
k

(tk − τ)2
{
e−2πi�(tk−τ)x∗(tk − τ)s(tk) + e2πi�(tk−τ)x(tk − τ)s∗(tk)

}
.

The CRE of the variance of the DFS estimator �̂ is derived as follows,

Var(�̂) ≥ − 1

E
[

∂2�
∂�2 (θ0)

] =
σ2

4π2
∑

k(tk − τ0)2|x(tk − τ0)|2 .

The summation in the denominator is the second-order moment with respect to the sample
distribution of photon arrival times, and increases with pulse repetition.

3T. Iwamoto and M. Konishi, “Analysis of wave propagation estimation,” IEIEC Technical Report,
SANE2025-31, 2025.
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Repeating pulses in Shigaraki ionosonde transmission

At present, the Shigaraki ionosonde observation has time margin to repeat pulses, which
improves the accuracy of the DFS estimator. The controling software of the Shigaraki
ionosonde was revised and tested in the following steps:

Recompile: The controling software of the Shigaraki ionosonde was recompiled in a virtual
PC with an outdated compiler running on an outdated OS.

Revision: The controling software was revised to repeat specifyed pulses while keeping the
risk of malfunction suppressed.

Test: The revised software was successfully tested without physical transmission.

Transmission of physical pulses by the revised controlling software during maintenance periods
of MU radar is under preparation.

9 / 12

Sampling

Identification: Currents in the two antennas of the ionosonde were measured, and Tx (marked
with a red arrow) and Rx antennas were identified.

Antenna positon: In the direction orthogonal to the Poynting vector of the Tx, the additional
antenna position for sampling should be fixed.

10 / 12

Summary of current status and future work

Revision: The controling software was revised to repeat specifyed pulses while keeping the
risk of malfunction suppressed.

Test: Revised software was tested without physical transmition.

Identification: Currents in the two ionosonde antennas were measured and Tx and Rx
antennas were identified.

Antenna positon: In the direction orthogonal to the Poynting vector of the Tx, the additional
antenna position for sampling should be fixed.

Smpling: Sampling of ionospheric echoes of pulses by the revised controlling software
during maintenance periods of MU radar is under preparation.

MLE: The ToF and DFS of each Shigaraki ionosonde echo will be estimated
simultaneously.

Quatification: The growth rate of MSTID instability will be quantified if its echoes are
sampled.

11 / 12
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