
7

























結晶表面構造予測のための周期パターン列挙と最適化手法の開発

学習院大学計算機センター　久保山哲二

目的
半導体結晶成長プロセスにおける表面構造のモデル化は、材料工学における重要な課題の一つである。結

晶表面上の原子配置は、材料の電子物性・光学特性・熱伝導性などに直接的な影響を及ぼすため、安定な表
面構造を効率的に予測する手法の確立が求められている。しかし、考えうる原子配置の数は周期セルの拡大
や構成元素の増加に伴って組合せ的に爆発するため、全候補を網羅的に評価することは現実的でない。
本研究では、原子スケールでの表面構造を効率的に予測するための新しいアプローチとして、無限平面上

の周期構造に着目した構造列挙アルゴリズムと、そのアルゴリズムを利用した予測手法の開発を目指して
いる。具体的な研究目的は以下のとおりである。

結晶表面における周期構造を効率的に列挙するアルゴリズムの開発
離散構造の類似度を定量化する新しい指標の設計と、その類似度計算を高速化するアルゴリズムの実装
開発したアルゴリズム群をベイズ最適化による適応的実験計画法に組み込み、結晶成長における表面
構造探索に応用すること

これらを通じて、結晶成長プロセスにおける表面構造予測の精度向上と計算効率の改善を実現し、材料開
発の効率化に貢献することを目的としている。

研究方法
本年度は、上記の研究目的に対して二つの方向から研究を推進した。

ベイズ最適化と第一原理計算による原子配置探索

六角格子上の原子配置の効率的探索に向けて、ベイズ最適化と密度汎関数理論（ ）に基づく第一原
理計算を組み合わせた手法を開発した。対象系として、グラフェンと六方晶窒化ホウ素（ ）の合金系
である を選定した。 系は、導電性のグラフェンと絶縁性の の中間的な性質を示し、
組成だけでなく原子配置によってもバンドギャップが金属的挙動から半導体的挙動まで大きく変化する興
味深い材料系である。
探索空間は (3 × 3)周期・組成比 = 2の条件下で定義し、 サイトに 原子 個、

原子 個、 原子 個を配置する全候補数は約 万通りに達する。この膨大な候補空間から安定構造を
見出すため、原子配置をベクトル表現に変換するエンコーディング手法が となる。本研究では、従来の

エンコーディングに対して、近傍原子の情報とドメイン知識（ 結合が安定化に寄与するとい
う知見）を組み込んだ （ ）エンコーディングを新た
に提案した。 エンコーディングでは、各サイトの原子占有情報に加え、最近傍 サイトの元素情報
を重み付きで付加することで、次元数を増加させることなく局所的な原子環境の特徴を表現できる。
ベイズ最適化においては、ランダムに選んだ 構造を初期データとし、ベイズ線形モデルによるエネ
ルギー予測と サンプリングによる次候補選定を繰り返すことで、安定構造の効率的な探索を



行った。

大規模ベクトル集合に対する高速近似最近傍探索

原子配置をベクトル表現に変換した場合、探索空間が拡大するにつれてベクトル集合の規模も急速に増大
する。たとえば、 系では (3× 3)周期で約 万通りの候補があるが、より大きな周期セルや異な
る組成を考慮すると候補数はさらに爆発的に増加する。このような大規模なベクトル集合に対して、類似構
造の高速検索を行うことは、ベイズ最適化における獲得関数の評価や特徴空間の効率的な走査にとって不
可欠である。
この課題に対応するため、二段階フィルタリング手法（ダブルフィルタリング）を開発した。本手法は以

下の二段階から構成される。

第一段階（スケッチフィルタリング）：選択されたピボットに基づく短いバイナリスケッチ（ ～
ビット）を用いて、非対称距離の昇順にスケッチを列挙し、候補を nc1 件に絞り込む。ピボットの選
定には、焼きなまし法に類似した確率的最適化手法（ 法）を用いて識別能力の高いピボット集合
を探索した。
第二段階（量子化射影フィルタリング）：次元削減された射影の ビット量子化（ ）を用いて、
第一段階の候補から上位 nc2 件を選出する。 はスケッチ値の順にソートして格納されており、
第一段階で選ばれた候補の が連続メモリ領域に配置されるため、キャッシュ効率の高い距離
計算が可能となる。

最終的に、nc2 件の候補に対して ビット量子化ベクトルを用いたリランキングを行い、上位 k件の近傍
を出力する。

研究結果

系における安定配置の発見

エンコーディングを用いたベイズ最適化により、全候補約 万通りのうちわずか 構造（約
）をサンプリングした段階で、探索空間内で最も安定なジグザグ型ストライプ配置を発見した。

この配置は、秩序化した 上に炭素原子がストライプ状に導入された構造であり、混合エネルギーは
（波動関数カットオフ での再計算値）であった。

さらに、異なる周期性の下でアームチェア型ストライプ配置（混合エネルギー ）も発見
した。これらの構造はいずれも、同一組成・同一周期の先行研究で報告されたモデル（ およ
び ）と比較して格段に安定である。また、 および 結合数を最大化するという既知
の安定化則とも整合しており、発見された配置の妥当性が裏付けられた。
バンド構造の解析から、ジグザグ型では 、アームチェア型では のバンドギャップが算
出された。これらの値は先行研究で報告された同一組成でのバンドギャップの範囲（ レベルで
～ ）と整合しており、同一組成でも原子配置によって電子物性が大きく異なることが改めて確認さ
れた。
主成分分析（ ）による最適化挙動の解析では、第一主成分（ ）の絶対値の増加に伴って混合エ

ネルギーが減少する傾向が観察され、 エンコーディングが探索空間内に ネットワークの秩序性



と 配置の特徴を適切に埋め込んでいることが確認された。また、ベイズ最適化の進行に伴い、サンプル
が の絶対値の小さい領域（不安定構造）から大きい領域（安定構造）へと移動していく様子が観察さ
れ、ベイズ線形モデルが構造と安定性の関係を適切に捉えていることが示された。

ダブルフィルタリングによる高速近似最近傍探索

ダブルフィルタリング手法の性能を、 の枠組みで評価した。
データセット（約 万件、 次元ベクトル）を対象に、 ・ コア の制約下で実験を
行った。

ビットスケッチ、 次元 （ ビット量子化）を用い、nc1 = 300,000、nc2 = 1,000の設定
において、 = 82 を平均遅延 クエリで達成した。インデックス構築時間は 分 秒
未満であり、総メモリ使用量は約 に収まった。
さらに、 以下のメモリ制約下でも実用的な性能が維持されることを確認した。 では
ビット を用いて > 75 を クエリで達成し、 でも ビット

により = 73 を クエリで実現した。これらの結果は、本手法が厳しい資源制
約下でもスケーラブルに動作することを示している。

考察
本研究の二つの成果は、結晶表面構造の探索という目標に対して相補的な役割を果たしている。

エンコーディングとベイズ最適化の組み合わせは、原子配置のベクトル表現にドメイン知識を組
み込むことで、膨大な候補空間から効率的に安定構造を発見できることを実証した。特に、 エン
コーディングでは最適化が有効に機能しなかったのに対し、 エンコーディングでは明確な収束傾向
が観察されたことは、エンコーディング手法の設計が探索性能に決定的な影響を与えることを示している。
一方、ダブルフィルタリングは、大規模ベクトル集合に対する高速な近似最近傍探索を限られた計算資源

下で実現する手法である。 系では (3× 3)周期で約 万通りの候補配置が存在するが、より大き
な周期セルや多様な組成を考慮すると候補数はさらに増大する。このような大規模配置空間において、エン
コードされたベクトル間の近傍探索を高速に行うことは、ベイズ最適化における類似構造の参照や、特徴空
間内での効率的な探索に不可欠であり、ダブルフィルタリングはまさにこの要求に応える基盤技術として
位置づけられる。
現在、次年度に向けた継続研究として、六角格子上の周期的タイリングパターンの群論的分類にも取り組

んでいる。具体的には、6 × 6 の斜交座標格子上に定義されたトーラス面におけるひし形タイルの配置パ
ターンについて、並進群 T ∼= Z6 × Z6 と二面体群 D6 の半直積 G = T �D6（位数 ）を対称群として
考え、全 通りのパターンが 個の等価類（軌道）に分類されることを示した。この分類において、鏡映
変換における向きの変換規則をタイルの占有領域の幾何学的解析から厳密に導出し、解集合がD6 対称性の
もとで完全に閉じていることを証明した。さらに、各等価類の軌道サイズ（ ）に基づく配置エ
ントロピーの計算により、高温極限における各原子配置の出現頻度を正しく評価するための重み付け手法
を導出した。すなわち、等価類の代表元のみを用いた列挙計算において、軌道サイズによる重み補正を施す
ことで、対称性を考慮した統計力学的に正しい出現確率を得ることができる。この手法は、結晶成長シミュ
レーションにおける表面構造の熱力学的安定性評価に直接的に応用可能であり、ベイズ最適化による探索



と組み合わせることで、エネルギー的安定性とエントロピー的寄与の双方を考慮したより現実的な表面構
造予測の実現が期待される。

研究成果報告
本研究の成果として、以下の 件の論文が出版された。

研究組織
研究代表者：久保山哲二（学習院大学計算機センター）
研究分担者：草場彰（九州大学応用力学研究所）
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∇2η = − Uz

(c− U)
(η2x − 2ηz + η2z)−

N2

(c− U)2
η (1)

Assuming a periodic solution of countably infinite discrete modes, the DJL equation can be simplified to a
Taylor-Goldstein equation for each discrete mode. The TG equation is solved analytically and discrete IGW
mode eigenfunctions are obtained in terms of Bessel functions for the linear base-flow. The dispersion relation
is solved numerically.

To study the triadic resonance interactions (TRI) including modes from the continuous spectrum, the
weak shear limit has been chosen (|U∗

z| � N), allowing the use of the WKBJ approximation. A Lagrangian
coordinate system (ξ, ζ) is used, which simplifies the analysis by reducing the material derivative to a form
that does not involve vertical differentiation:

Dt = ∂t + uL(ζ)∂ξ (2)

The analysis shows that for short-wavelengths, the triadic-resonance instability is spatially localized at a
particular vertical level ζr. The governing equations are written in the vicinity of this level by stretching the
coordinates to η =

√
q/δ(ζ − ζr). The resulting equation for the perturbation amplitude A(η) is derived as:

Aηη(η) +A(η)((η + iΛ0)
2 − (Λ2 + i)) = 0 (3)

Solutions for this localized instability are obtained in terms of parabolic cylinder functions U(v,±μ). Recent
results imply that, unlike the no-shear case which yields discrete real eigenvalues (λ′ = ±√−I0I1), the presence
of shear (q �= 0) may result in no discrete eigenvalues for this problem. We speculate that the shear-flow tends
to weaken the resonant instability at short wavelengths and are currently examining possible transient growth
of perturbations through numerical solutions of the slow-time evolution equations.
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Triadic resonant instability of internal gravity waves in a stratified
shear flow

APPLICANT: Anubhab Roy, (IIT Madras, India)

Summary

In this work, we study the stability of an internal gravity wave (IGW) mode in a 2D, inviscid, uniformly
stratified, linear shear flow confined between two walls. In a reference frame moving with the wave, we obtain the
Dubiel-Jacotin-Long (DJL) equation for the wave elevation (η):
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Table 1: Maximum wind velocity in RIAM wind-wave tank. Different fan were used for the periods 2017–2024 and 

2025. Values of U in 2020 and 2021 were extrapolated values. Values of U10 in 2017 and 2019 were estimated 

from U using model (Takagaki et al., 2012). Values of U10 in 2020, 2021 and 2024 were estimated from u* using 

model (Takagaki et al., 2012). Tap water were used in 2017- 2022,2024, and SDS solution was used in 2023,2024.

solution
Nloop

[num]

N 

[rpm]

F

[m]

U

[m/s]

U10

[m/s]

u*

[m/s]

Takagaki et al. (2017) TW 0 1300 6.5 14.0 22.8 -

RIAM Report (2019) TW 0 1700 6.5 22.2 36.8 -

RIAM Report (2020) TW 0 1600 33 24 37.6 1.9

RIAM Report (2021) TW 0 1700 33 25 43.5 2.2

RIAM Report (2022) and 

Takagaki et al. (2023)
TW 0 1700 20 24.0 40.3 2.0

Ikeda et al. (2024) TW 0 1700 20 22.9 - -

Ikeda et al. (2024) SDS 0 1700 20 24.0 - -

Kurihara et al. (2024) TW 0 1700 5.5 21.52 - -

Kurihara et al. (2024) TW 0 1700 6.5 21.46 - -

Kurihara et al. (2024) TW 0 1700 19 24.01 - -

Kurihara et al. (2024) TW 0 1700 20 24.09 - -

Kurihara et al. (2024) TW 0 1700 33 24.04 - -

Kurihara et al. (2024) SDS 0 1700 5.5 21.94 - -

Kurihara et al. (2024) SDS 0 1700 6.5 21.83 - -

Kurihara et al. (2024) SDS 0 1700 19 23.49 - -

Kurihara et al. (2024) SDS 0 1700 20 23.40 - -

Kurihara et al. (2024) SDS 0 1700 33 23.49 - -

Present TW 0 - 35 3.3 - -

Present TW 1 - 70 3.3 - -

Present TW 2 - 105 3.3 - -

Fig. 1: Wave generator. Fig. 2: Multi fan.
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1. Background
It is increasingly being recognized that variability patterns in the tropical ocean basins, such as El Niño-Southern 

Oscillation (ENSO), mutually influence each other through atmospheric pathways. These interbasin interactions 

shape the development of ocean variability on seasonal to multi-decadal time scales. Therefore, a deeper 

understanding of the underlying pathways and mechanisms is expected to contribute to more skillful seasonal 

predictions, and may also lead to a better understanding of how the climate system will react to changes in 

greenhouse gas concentrations. 

2. Activities associated with the research project
2.1 Building a data-driven model to replicate the behavior of global climate models 

In previous work (also partly funded by a RIAM Join Research Grant), the well-known linear inverse model (LIM) 

approach has been extended in two ways: 1) We have developed a technique to split the linear operator in such a 

way that the interaction between specific basins can be suppressed by zeroing out off-diagonal elements of the 

operator matrix (Kido et al. 2023, Climate Dynamics). This allows assessing the contributions of individual basins 

to TBI. 2) While, traditionally, LIMs have been trained on observational data, we have trained the LIM on output 

from a global climate model. 

The LIM framework has been used to emulate the behavior about 40 global climate models and these simulations 

have been analyzed. A manuscript is currently in preparation by a collaborator at JAMSTEC (Shoichiro Kido). The 

work has been presented at several international conferences, including the Pan-CLIVAR meeting in Indonesia (see 

reference under 4.). 

2.2 Extending the LIM framework 

In collaboration with researchers at Tohoku University and JAMSTEC, the LIM framework has been extended to 

represent the seasonal cycle and the persistence of stochastic processes (Lien et al. 2026). These refinements 

improve the seasonal forecast skill of LIMs and should also enhance their ability to emulate global climate models. 

2.3 Projected strengthening of El Niño’s influence on the tropical Atlantic 

Using the output from global climate change projections, we have investigated how the interactions between the 

tropical Pacific and the tropical Atlantic change. The results show that the El Niño’s influence on the tropical 

Atlantic strengthens substantially as deep convection becomes more concentrated in the western tropical Pacific. 

Based on a simple statistical prediction scheme, we show that this can lead to increased predictability of the tropical 

Atlantic. The results have been presented at several international conferences (see 4.) and a manuscript is currently 

in preparation. 

2.4 Design of global climate model experiments for the study of interbasin interaction 

In 2024 and 2025, the PI led the development of the experiment design for global climate model simulations that 

study interbasin interaction. This experimental protocol has been published in the journal Geoscientific Model 



Development (Richter et al. 2025). 

2.5 Review of interbasin interaction and the role of the Atlantic Meridional Overturning Circulation (AMOC) 

The PI participated in a review of interbasin interaction with a focus on the role of El Niño and AMOC. The study 

has been published in the journal Ocean-Land-Atmosphere Research (Hu et al. 2025). 
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Cross-shelf Kuroshio Intrusion and Its Impact on the Marine Ecosystem 
  

1. Dynamics of Water Mass and Nutrient Exchanges in a Day on a Continental
Shelf, Quantified using Rare Earth Elements

The East China Sea (ECS) provides essential biological resources for its local 
fishery and contributes to biodiversity in its surrounding seas, mainly through the 
Kuroshio Current (KC/KW), which regulates cross-shelf (CS) material transport on 
various scales. A range of phenomena is involved, and a different mix of processes 
occurs at each time and location, which makes CS exchanges complex and variable. 
One valuable approach is to investigate in situ high-resolution time-series 
observations of REEs as a proxy of the water mixing and coupled with hydrological 
and physical observations at the shelf break– a method unprecedented worldwide that 
can resolve water dynamics over a single tidal cycle, which is important for the local 
material budget.  

The results are: (1) Hydrodynamic processes influence the distribution of 
chemical and physical properties in the bottom water of ECS on an hourly basis. (2) 
Reintroduction of deep Kuroshio Water (KIW) during the onshore flow was notable 
for its high nutrient content. (3) During the observation, net DIN and DIP fluxes from 
the Kuroshio region (KW) were 5.59 and 6.69 times larger than the DIN and DIP 
fluxes from the continental shelf water (MSW) on a daily basis. 

Figure 1. Schematic view of uplifted and downsunk pycnocline in the dynamic layer 
at the shelf break of the ECS due to onshore and offshore flows leading to water mass 
invasion/intrusion. Offshore flow is associated with the sinking of isopycnals, while 
onshore flow corresponds to uplifted isopycnals. Sectional views of temperature and 
salinity, contoured with potential density anomaly (solid black line) and embedded uv 
current diagram, highlight the enhanced turbulence and the regulation of KW and 
MSW, which drive CS fluxes of nutrients (N letter inside the green circle) on a daily 
basis. (Haryanto et al., 2026 in prep.) 

2. Oceanic Interaction Between KC and Bungo Channel
The Bungo Channel is located in southwestern Japan between Shikoku and 

Kyushu Islands and connects the Pacific Ocean to the Seto Inland Sea. There is a 



continental shelf slope south of the Bungo Channel along which the KC. The marine 
environment in the Bungo Channel is influenced by perturbations of the KC, such as 
KC meander and frontal eddies, and surface and bottom intrusions occur from early 
summer to autumn. It is thus urgent to clarify the interaction between the KC and the 
Bungo Channel and to understand oceanic processes by which nutrient is supplied 
from the KC to the euphotic zone in the Bungo Channel. Some biochemical 
parameters analyzed are REEs, Nd-isotopes, radium (Ra), nutrients, dissolved oxygen,
and water stable isotope analysis, collected from two cruises: NS-25-155 in Summer 
2025 using the T/S Nagasaki Maru and KG-25-14 in autumn 2025 using the 
Kagoshima Maru. Using a multicore sampler, sediment cores with overlying water 
were collected at several stations. Additionally, shipboard and moored data from the 
Acoustic Doppler Current Profiler (ADCP) and microstructure profilers were utilized 
to help interpret physical forcings further.

Figure 2. Temperature-Salinity (TS) diagram of A line and N line during the NS-25-
155 summer cruise using the T/S Nagasaki maru (left) and schematic view of CS
exchanges in Bungo Channel (right) (taken from Tsutsumi et al., 2025).

3. Healthy, Productive, and Sustainable Asian Marginal Seas (WESTPAC)
In FY 2025, chairwoman Prof. Jing Zhang and her team under the 

Intergovernmental Oceanographic Commission for the Western Pacific (IOC-
WESTPAC) program have done tremendous work to advance health, productivity, 
and sustainability in the Asian marginal seas. A special issue has been published and 
is being updated regularly in the Elsevier scientific journal of Progress in 
Oceanography (Cite score: 7.2; IF: 3.6). As of January 2026, 20 articles have been 
published discussing various topics from nutrient dynamics and sources, material 
transport, including the influence of the Kuroshio current and other factors.

In addition, a scientific session entitled Marine Environmental Changes in the 
Western Pacific and Its Marginal Seas: Roles of Global Climate Change Versus 
Anthropogenetic Impacts (OS41) will be hosted by the main convener, Prof. Jing 
Zhang, in the AOGS 2026 meeting in Fukuoka, August 2026, with an expected 
number of abstracts of 25.
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トカマクプラズマにおける散逸捕捉電子モードによる乱流輸送のモデルを用いた研究

核融合科学研究所　登田慎一郎

1 研究目的

乱流輸送はトロイダルプラズマ研究における重要課題の一つである。乱流輸送はジャイロ運動論解析を用いて広く研
究されている。捕捉電子モード (TEM)は低波数領域、kρi ≤ 1 で駆動される。ここで k は波数、ρi はイオンのジャ
イロ半径である。規格化電子衝突周波数が 1 未満の TEM は、高衝突領域において散逸性 TEM(d-TEM) と呼ばれ
る。このモードは電子衝突による散逸によって駆動され、イオンはバナナ領域に存在する必要はない。d-TEM は、
イオン温度勾配 (ITG)モードが励起される領域よりも低いポロイダル波長領域で観測される。九州大学応用力学研究
所の PLATO装置を用いたプラズマ実験が実施されている。PLATO装置での統合コード（TASKコード）が予測す
るプラズマでは、電子衝突周波数は典型的に電子バウンス衝突周波数より小さく、イオン衝突周波数はイオンバウン
ス衝突周波数より大きい。先行研究では、PLATOで予測されたこれらのプラズマにおいて d-TEMが励起されるこ
とが確認されている [1]。本研究では、局所的なジャイロ運動論解析に GKVコード [2]を用い、運動論的電子の応答
に関するシミュレーションを実施した。(多くのジャイロ運動論解析がイオン温度勾配 (ITG)モードや無衝突捕捉電
子モード (c-TEM)プラズマについてされている。) 本研究の目的は、トカマクプラズマにおける d-TEM/ITGプラ
ズマの乱流輸送の簡約化モデルを得ることである。なぜならあまり多くのジャイロ運動論解析が d-TEM/ITG プラ
ズマについて行われていないからである。これらの簡約化輸送モデルは、統合コードに適用され、プラズマ分布の予
測を行うことができる。

2 研究成果

トカマク装置における d-TEM/ITGプラズマの簡約化モデルを提唱した。ジャイロ運動論解析を行う際、衝突の効果
は洲鎌衝突モデル演算子を用いた。簡約化モデルは、磁気シア、混合長概算に関連する量、および帯状流の線形応答
の特性量に依存する関数である。磁気シアの効果は、簡約化輸送モデルにおいて新たに重要な要素として組み込まれ
た。乱流輸送に対する帯状流の影響を検証するため、流束のポロイダル波長依存性を検討した。衝突周波数が比較的
高いトカマク装置における二種類の安全係数に対し、非線形および線形シミュレーションを実施した。粒子拡散係数
とエネルギー拡散係数の輸送モデルは非線形シミュレーション結果から示される。輸送モデルにおけるエネルギー・
粒子輸送への帯状流の影響は、非線形シミュレーション結果の流束スペクトルから同等と判明した。線形シミュレー
ション結果により、線形成長率や実周波数などから d-TEM プラズマと ITGプラズマが同定された。帯状流の減衰
時間も示されている。乱流ポテンシャル揺動は、混合長概算値と磁気シア sに関連する量によってモデル化される。
帯状流ポテンシャル揺動は、乱流が帯状流のソースとみなして、帯状流減衰時間と乱流ポテンシャル揺動によってモ
デル化される。磁気シアおよび混合長概算値に関連する量、ならびに帯状流減衰時間に基づく粒子拡散係数とエネル
ギー拡散係数の簡約化モデルが構築される。そのモデルはトカマク装置における d-TEM/ITG プラズマの非線形シ
ミュレーション結果を再現する。本研究で構築した簡約化モデルでは、拡散係数をモデル化する際に用いる二つの安
全係数プロファイルが異なるため、磁気シアの効果を新たに有用な要素として組み込んだ。したがって、本研究で構
築した簡略化モデルは、異なる安全係数プロファイルに対応するよう拡張されている。

3 今後の課題

c-TEM プラズマで輸送モデルを構築する場合、d-TEM プラズマおよび ITG プラズマにおける帯状流の影響が
c-TEMプラズマと異なる点について、輸送モデルを用いて議論できる。c-TEMプラズマにおける簡略化モデルの構
築は今後の課題とする。

[1] S. Toda et al., Phys. Plasmas 31, 032511 (2024)
[2] T. -H. Watanabe and H. Sugama, Nucl. Fusion 46, 24 (2006)
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画像解析による船側波形の計測技術の確立

広島大学大学院先進理工系科学研究科
教授　岩下 英嗣

1. 研究目的

波浪中推進性能の優れた船舶開発を目的として，これまでの共同利用研究において，光センシング技
術を用いた貼付型の圧力センサ（FBG圧力センサ）を開発し，世界初の非定常圧力面分布計測に成功し
ている 1)2)3)4)．今回はこのセンサと埋め込み式の歪式圧力センサを用いて，船首形状の異なる２船型で
船体表面圧力を計測することを一つの目的としている．
その中で，水面を出入りする圧力センサーについては別途計測される船側波形を用いた処理が必要で，
かつその計測精度が重要である．そこで本研究では，高速度カメラを使用した船側波形を非接触で高精
度に計測する新しい計測法を確立することを主目的とした研究を展開する．本研究では主に，画像解析
による船側波形計測機器の拡張を行い，計測可能周期の増大および信頼性向上を図った．
使用する供試模型として従来船型の RIOS bulk carrier模型船に加え，近年開発された短波長領域で
抵抗増加低減が見られるという船首形状を持つ船型の 2船型を用いた，各船型における抵抗増加，船体
表面圧力等の計測も実施した．

2. 研究組織

氏　名 所　属 職　名 役割・担当
岩下 英嗣 広島大学先進理工系科学研究科 輸送・環境システム専攻 教授 代表者・実験解析
武本 昂大　 広島大学先進理工系科学研究科 輸送・環境システム専攻 修士 1年　 実験補助
春田 海里　 広島大学先進理工系科学研究科 輸送・環境システム専攻 修士 1年　 実験補助
藤田 大地　 広島大学工学部 第一類 輸送システムプログラム 学部 4年　 実験補助
高田 泰知　 広島大学工学部 第一類 輸送システムプログラム 学部 4年　 実験補助
萩森 雄之介　 広島大学工学部 第一類 輸送システムプログラム 学部 4年　 実験補助

3. 実験の概要

2025年度の 9月，および 11月に九州大学応用力学研究所の深海機器実験水槽 (L×B×d = 65×5×7 m
)にて水槽試験を実施した．本実験で使用した供試模型船は，これまで使用してきた硬質発泡ウレタン
製のRIOS bulk carreir模型船と短波長領域で抵抗増加低減が見られる船首形状を持つ bulk carreir模型
船の 2隻である．これら 2船型は排水量は同一であり，喫水線以下は同形状で船首部のフレア部分のみ
が異なっている．以降は従来のRIOS bulk carreir模型船をA船型 (Type A)，短波長領域で抵抗増加低
減が見られる船首形状を持つ船型をC船型 (Type C)と呼称する．実験は大きく二つのパートに分かれ
ており，前半パートでは，これら両船型の左舷側に歪式圧力センサを埋め込み，右舷側には容量式波高
計を設置し，運動計測試験を実施することで，船体表面圧力や船側波形の計測を行った．同時に船体左
舷側の船側波形を画像解析により取得した．後半パートでは，右舷側に光センシング技術を用いた圧力
センサーを貼付し，運動計測試験を実施することで，船体表面圧力の多点計測を行った．また，どちら
のパートでも縦切り波高計を設置することで，入射波と船体周りの非定常波形を同時計測した．
画像解析においては，ステレオ画像解析を用いたmultifold法を行った．本手法では地上にカメラ 2台
と 6台のレーザー墨出し器を設置し，出会い波周期 1周期分の波を計測する機構を 2つ設置し，合計 2
周期の船側波形を計測した．また，高速度カメラにて撮影された画像からは水面と模型のデッキに沿っ
て張り付けられた黒色のテープまでのピクセル数が計測され、その後ピクセル数から実際の距離に変換
することで船側波形の計測を行う．

– 1 –



3.1. 供試模型

本実験で使用した供試模型を Fig. 1に示す．また，Table. 1に両船型の主要目，及び Fig. 2に船首部
分の body planを示す．また，body planには歪式圧力センサの埋め込み位置も示しており 2船型どち
らにおいても ord. 9.0，ord. 9.5，stemの 3断面に埋め込みを行っている．A船型 (左側)は白丸，C船型
(右側)は黒丸で示しており，stem部分における共通の埋め込み位置に関しては赤丸で示している．

Fig. 1: 供試模型 (上側:A船型, 下側:C船型)

Table 1: 供試模型主要目

Item Value
Lpp 2.400 m
B 0.400 m
d 0.128 m
∇ 0.098 m3

Cb 0.800 -
Aw 0.835 m2

xG 0.051 m
KG 0.115 m
κ/Lpp 0.250 -
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Fig. 2: Body planと歪式圧力センサの設置位置 (左側:A
船型, 右側:C船型)

3.2. 運動計測試験

運動計測試験で使用した装置はFig. 3，また実験全体の計測システム図をFig. 4に示す．運動計測装置
においては模型船に作用する運動 (surge,heave,pitch) 及び前後のロッドに取り付けられたひずみゲージ
で船体長手方向にかかる抵抗値を計測している．本計測試験では Fn = U/

√
gL = 0.18で模型船を曳航

して実験を行っており，静水中と波浪中それぞれにおいて複数回航走し計測を行っている．
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Fig. 3: 運動計測装置概略図

Fig. 4: 運動計測試験における計測システム図

3.3. 計測条件

実験条件については，Table 2に示したとおりである．前半パートの運動計測試験での計測では，正面
向い波で，船体中心軸から左舷方向に y = 320mmの位置に地上波高計（縦切り波高計）を設置し入射
波の計測を行った．後半パートも前半パートと同様に正面向い波で計測を実施したが，地上波高計（縦
切り波高計）は左舷側に FBG圧力センサを貼付していたため，安全面から y = 591mmの位置に設置し
た．またどちらの計測でも船体中心での波振幅が 12mmとなるように造波機に信号を送り，入射波中を
曳航させている．
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Table 2: 実験条件

λ/L（KeL） フルード数 波向き 計測回数 (TypeA) 計測回数 (TypeC)
0.3 Fn=0.18 β = 180degs. 6 6
0.4 Fn=0.18 β = 180degs. 5 3
0.5 Fn=0.18 β = 180degs. 4 5
0.6 Fn=0.18 β = 180degs. 5 8
0.7 Fn=0.18 β = 180degs. 3 5
0.8 Fn=0.18 β = 180degs. 7 5
0.9 Fn=0.18 β = 180degs. 5 6
1.0 Fn=0.18 β = 180degs. 6 6
1.15 Fn=0.18 β = 180degs. 5 5
1.25 Fn=0.18 β = 180degs. 4 4
1.3 Fn=0.18 β = 180degs. 3 -
1.4 Fn=0.18 β = 180degs. 4 -

3.4. 高速度カメラによる船側波形計測

撮影に使用したカメラは ditect社製ハイスピードカメラ「HAS-U2(Fig. 5)」である．また，撮影時の
カメラのコンディションを，Table. 3に示す．撮影にはDITECT社製撮影ソフト「HAS-Xvierwer」を
使用し，撮影した映像の解析にはDITECT社製画像解析ソフト「DIPP-MOTIN V/3D」を使用した．
カメラによる船側波形計測は，模型左舷側のデッキに沿って黒色のテープを張り，船体に照射される
レーザー光上において黒色のテープの下部から水面までの長さを撮影された画像から算出するmultifold
法を実施した．そして，その長さを静止水面と黒色のテープの下部までの長さから引くことにより船側
波形の振幅が算出されるというのが画像解析における船側波形計測の仕組みである．
カメラ 2台を，6台のレーザー墨出し器を挟むように左舷側水槽壁に固定した，船体と 6本のレーザー
光が画角内に収まるように角度を調整し固定した．6本のレーザー光により照射される任意船体位置に
おける波高を基に，出会い波 1周期分の波を 2次オーダーまでのフーリエ級数で表現する．本研究では
この機構を拡張し，2台のカメラで 6台のレーザーを挟む構成を 2セット用い，合計 4台のカメラによ
り計測を行うことで，出会い波 2周期分の波を計測した．
また，画像解析による船側波形計測試験は前半パートのみで実施した．

Fig. 5: Camera(HAS-U2)

Table 3: Camera condition

Parameter Value
フレームレート 200 fps
画面サイズ 1920× 1080 pixels
計測フレーム数 1,030
シャッタースピード open
トリガーモード start & positive
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4. 結果と考察

続いて，本研究にて得られた実験結果を以下に示す．

4.1. 波浪中抵抗増加

Fig. 6に運動計測試験の際に歪ゲージによって計測された抵抗増の結果を示す．左図は，今回両船型
で計測した全ての計測回の抵抗増加，右図は，各船型で波長船長比ごとに平均値を算出し，Spline補間
曲線で結んだものである．両グラフともに，過去にA船型で計測した抵抗増加を波長船長比ごとに平均
値を算出し，Spline補間した曲線を，データの整合性の確認のため示している．この２つのグラフの縦
軸は抵抗の無次元値であり，横軸は波長船長比である．今年の実験で抵抗増加を求める際に用いた平水
中での抵抗値は，A船型が 0.26883kgf，C船型が 0.27004kgfである．この２つのグラフから，今年の計
測はばらつきがあるものの平均値を算出した際に過去のA船型の平均値と近いことから，整合性の高い
計測であったことが分かる．また，A船型と C船型を比較すると，短波長域と λ/L = 1.15で僅かでは
あるが C船型に優位性が確認できる．
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RAW /ρgζ2(B2/L)

λ/L 0 1 2
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PastRes-AVERAGE
RIOS-Bulker 202509-AVE
RIOS-Bulker-SK25 202509-AVE

RAW /ρgζ2(B2/L)

λ/L

Fig. 6: 左図:歪ゲージで計測された抵抗増加 Fn=0.18，β=180degs.右図:歪ゲージで計測された抵抗増
加の波長船長比ごとの平均値 Fn=0.18，β=180degs.

4.2. 船体表面圧力

続いて Fig. 7に後半パートの運動計測試験で得られた定常圧力（ゲージ圧）を示す．上段は歪式圧力
センサの結果，下段は FBG圧力センサの結果である．それぞれ，左から順に ord. 9.0，ord. 9.5，stem
の 3断面の結果を例として示している．縦軸は定常圧力（ゲージ圧），横軸はDecklineを基準としたと
きのガース長を表している．A船型，C船型の結果はそれぞれ図中赤線，青線で示している．また，こ
こでは結果の一例として λ/L = 1.15における結果を示している．この結果から，歪式圧力センサの結
果を正と見なした時，FBG圧力センサでは多少のばらつきがみられるが，この三断面に関してはある程
度の整合性が確認できる．ただし，計測した時間帯によっては，時間経過とともにドリフトしているも
のやノイズのひどいセンサが含まれているため，解析の方法は今後検討が必要である．これは，水温と
気温の差（温度干渉影響）の影響を受けやすいことやセンサの老朽化が進んでいたことが原因として考
えられる．また両船型での結果を比較した際に，僅かではあるが相違がみられる．この差異を分かりや
すく可視化したコンター図を Fig. 8に示す．左図がA船型，右図がC船型の結果である．このコンター
図は，今回模型船に設置した全ての歪式圧力センサと FBG圧力センサを用いて作成している．このコ
ンター図から，C船型ではA船型と比較して，stem近傍で圧力低減が確認できる．
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Fig. 7: λ/L = 1.15で ord. 9.0，ord. 9.5，stemの３断面で計測された定常圧力（ゲージ圧）（上段：歪
式圧力センサ，下段：FBG圧力センサ)

Fig. 8: λ/L = 1.15の時の船体表面に掛かる定常圧力（ゲージ圧）のコンター図（左図：A船型，右図：
C船型）

4.3. 画像解析による船側波形計測

Fig.9，Fig.10，Fig.11は，画像解析および容量式波高計による波長船長比λ/L=1.25における船側波
形フーリエ係数分布結果である．Fig.9は，消波側レーザー 6本を用いて測定した 1周期目の船側波形に
ついて，両計測手法ともに同一条件の 3度にわたる曳航試験から得られた 3周期分の結果を平均したも
のである．Fig.10は，造波側レーザー 6本を用いて測定した 2周期目の船側波形について，両計測手法
ともに同一条件の 3度にわたる曳航試験から得られた 3周期分の結果を平均したものである．Fig.11は
これら全 6周期分の平均値を線やプロットで示し，標準誤差をエラーバーで示したものである．
図は上から順に，波形データをフーリエ級数展開した際の 1次成分，2次成分，定常成分を示してい
る．横軸は計測断面の位置, 縦軸はフーリエ係数の無次元値である. 横軸は船体中央を基準とした x座標
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値を船長の半分で無次元化している. また, 縦軸の無次元化は船体中央 (x = 0)における入射波振幅で除
すことにより行っている. 実線及び破線は画像解析による結果を，シンボルは容量式波高計による結果
を示す．

Fig.9および Fig.10において，画像解析および容量式波高計の結果は，定常成分，非定常成分ともに
非常に高い一致を示した．Fig.11においてもそれぞれの平均値は高い一致が確認された．また,標準偏
差は両手法ともに船首部で大きくなっていることが確認できる. これは船首部では船側波形の波振幅が
大きくなるため,計測毎のばらつきが相対的に大きくなるためと考えられる.
定常成分については，相関係数 r=0.994，二乗平均平方根誤差RMSE=0.0017となり，手法間での系
統的な差異は殆ど確認されず，非常に高い一致を示した．cos1次成分，sin1次成分については，相関係
数はそれぞれ 0.946，0.994，RMSEはそれぞれ 0.131，0.104であり，非常に良好な一致を示した．以上
のことから，本画像解析手法 (multifold法)は，平均水位のみならず波形変動においても十分な計測精
度を有していることが確認された．
定常成分の全断面，および非定常成分の船首付近において，両手法のエラーバーが重複しており，画
像解析による計測値が容量式波高計の測定精度範囲内で一致していることが確認された．画像解析手法
においては，計測装置の改良によりレーザー墨出器を 12個用いることで，複数周期の船側波形の計測が
可能となり，複数周期の平均化によって，信頼性の高い計測結果が得られた．また，1度の曳航試験で
2周期分の船側波形を計測することが可能となった．これらのことから，画像解析手法を用いることで
容量式波高計と同程度の精度を保ちつつ，波高計よりもはるかに多い断面において船側波形計測が可能
であることが実証された．
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Fig. 9: Steady and unsteady wave profile (1T component) at Fn=0.18,λ/L=1.25.χ=180 degs.
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Fig. 10: Steady and unsteady wave profile (2T component) at Fn=0.18,λ/L=1.25.χ=180 degs.
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Fig. 11: Steady and unsteady wave profile at Fn=0.18,λ/L=1.25.χ=180 degs.

– 8 –



5. おわりに

本研究にて得られた成果を以下に示す．

(1) 本研究では，改良した計測システムによる画像解析による船側波形計測手法の有効性と課題を検
討した．計測システムを拡張することで，複数周期の船側波形を精度よく計測することができた．
また，船体全域にわたり高密度な計測が可能であるという顕著な利点を有し，従来の容量式波高
計では困難であった連続的な船側波形分布の取得を実現した．さらに，非接触計測であるため船
体への損傷がなく，定常成分および非定常成分の両方において高い計測精度が確認された．船首
部において画像解析手法で若干の誤差が見られたが，その要因として照明条件の変化，船体曲率
による表面張力の影響が考えられる．これらの課題に対しては，照明条件の最適化や画像処理方
法の改良により，さらなる精度向上が期待できる．

(2) 船首形状の異なる 2隻の模型船において運動計測試験を実施することで，船首形状の違いが船体
表面圧力や抵抗増加などの耐航性能に及ぼす影響を調べた．抵抗増加を 2線形で比較すると，わ
ずかに短波長域と特定の波長船長比において C船型の優位性を確認することができた．C船型で
抵抗増加低減が確認できた波長船長比での，歪式圧力センサと FBG圧力センサを用いた船体表面
圧力の計測結果では，stem近傍で 2船型の定常圧力分布に差異が見られ，C船型の優位性が確認
できた．
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1 Introduction 
It is well known that the macroscopic mechanical properties of bone are closely related to the micro- and 

macrostructural features. However, no theoretical model has been developed to correlate the mechanical 
properties and the structural characteristics. In the present study, a theoretical model was developed to correlate 
the elastic modulus of bone and a structural property such as BMD along with the mechanical and structural 
properties of carbonate apatite and collagen. 

2. Theory
In this theoretical modeling, cortical bone is firstly considered as an ideal poroelastic medium along with 

the theory of composite material. Based on the poroelasticity, the elastic modulus of cortical bone can be 
obtained as a function of the elastic modulus, Es, of bone tissue without pores, and the porosity of cortical bone. 
On the contrary, the cubic strut model was introduced into the modeling of trabecular bone. The elastic modulus 
of trabecular bone can be expressed as a function of Es, and the porosity of trabecular bone. The volume fraction 
of bone tissue VBT can be expressed as a function of porosity. Then, by assuming a linear relationship, we get 
the Young’s modulus-BMD relationship. According to Wanger’s model, the bone tissue is considered to be a 
three-layer structure of lamellae consisting of thick and thin lamellae. Then, based on the concept of the theory 
of composite material, Es can be expressed using the volume fractions and the elastic moduli of thin and thick 
lamerae. The elastic moduli can be calculated from the longitudinal modulus, the transverse modulus, and the 
shear modulus of the lamerae. Those parameters are also expressed as functions of the elastic moduli of the 
apatite platelets and the collagen matrix, along with Padawer and Beecher theory. 

3 Results and discussion 
Results of calculation of the Young’s modulus BMD relationship are shown in Figure 1. The variational 
tendencies of E with increasing BMD obtained from the hybrid models are basically consistent with the 
empirical formulae of Keyak and Keller, and the predicted values are lying between the Keyak and Keller’s 
values. These results validate the theoretical models. It is interesting to note that when BMD is low, the 
variational trends of the three theoretical results are more similar to that of Keller formula, while they are 
consistent with Keyak formula when BMD is high. It is thus concluded that the E-BMD relationship can be 
well predicted by using the macroscopic models, and the effects of bone quality on the E-BMD relationship 
can be controlled by using the microscopic model. 

Fig.1 Variation of Young’s modulus with BMD from PB model. 



 

 

1. Introduction
In this study, previously, two femoral bone models with different bone quality were developed from CT images
of two female patients. Three different stem models of THA were then implanted into the bone models and
their FE models were analyzed using nonlinear theories under four different falling conditions. Effects of bone
quality, stem design and falling condition on the femoral damage mechanism were then investigated.

2. Methodology
FE bone model was developed from the 61 and 87-year-old patient and denoted with bone X and Y, respectively.
Inhomogeneous material properties were introduced in every element that form the FE bone model which was
computed from the linear relationship between CT value and BMD. Then, the mechanical properties e.g.,
young’s modulus was assigned to the element by using the established equations, hence enabling the non-
linear FE analysis. Next, the THA models of bone X and Y were constructed and three different types of
implants were introduced. Those implants were denoted by stem Z, stem K and stem B, where every implant
has a different design and geometry. The stem of the implant was assigned according to the properties of
titanium alloy while the femoral ball was based on the properties of alumina ceramic. Next, the falling loading
and boundary conditions were adapted from well-established studies. The analysis was terminated at the load
after the complete failure of shell elements.

3. Results and discussion
Distributions of element failures with stem I and stem III are shown in Figure 1. The damaged solid elements
expressed the distribution of internal micro-damages of bone at both the initial and final stages of fracture,
while the damaged shell elements indicated the distribution of external micro-damages of the outer surfaces at
the final stage of fracture. It was observed that the initial damages were concentrated in the region close to the
shoulder of the THA stem in bone X, despite having different implant designs. The damage initiation was seen
to be scattered at several locations along the stems. At the fracture stage, it was found that the micro-damage
formation occurred at the trochanteric region in all the THA models of both bone X and bone Y. This type of
fracture mode drew a parallel view to type AG in the Vancouver Classification of periprosthetic fracture.

(a)Stem I (b) Stem III
Figure 1 Distribution of element failures in bone X and Y. 



1. INTRODUCTION
The purpose of this study is to research the pattern of secondary fracture on fractured spines using

CT-FEM. Load simulations on 3 different fractured spine models from patients’ CT-images data were 
conducted. Simultaneously, compressive load simulations on single vertebral bones were also conducted 
to estimate their strength against load. Based on the analysis and comparison of these results, the feature 
of secondary fracture and some factors which may effect this process can be found. 

2. METHODS
CT-FEM software MECHANICAL FINDER (RCCM) was applied to extract models and conduct

finite element analysis. Three 7-piece spine models where the fractured vertebrae is the center were 
created based on the CT-images of three patients from Saga University Hospital. Making the fractured 
vertebra as the center, three spines of 7 pieces were extracted from CT-images, which means from T9 
to L3 in case No.1, from T10 to L4 in case No.2 and from T11 to L5 in case No.3. In each model, a 
process about the occurring of the secondary caused by a uniformly distributed load on the top of the 
spine piece was simulated in the finite elements simulation software. Then, compression load 
simulations were conducted respectively on four vertebrae which are respectively next to the top, bottom 
and fractured vertebra in each model. 

3. RESULTS
Figure 8 shows that the bending movement took place surrounding the fracture. In case No.1, the
fractured part was T12 where the primary fracture occurred. It’s a typical case that due to the geometric
deformation from the primary fracture, the structure of fractured vertebra becomes unstable and prone
to deform by a load again. In case No.2, L2 and L1 were fractured simultaneously and the fracture was
more obvious in L2, which fits the vertebrae strength ranks that L2 held the weakest strength in case
No.2. In case No.3, the deflection was not obvious because the movement was constrained in x-y plane
on the top of the spine in case No.3 in order to avoid a consequence that a large backward deflection
appears in the simulation, which contradicts a fact that the spine in limited by the muscles and ligaments
in human’s body and it’s hard to be bend backward. By making such a constraint, the bending moment
increased slowly and was not so significant that the main load type was compression in case No.3. As a
consequence, T12 was the first fractured vertebra because it held the weakest strength in case No.3 and
it bore the largest normal compressive load according to force analysis.

No.1    No.2   No.3 
Figure 1 The deformation in three cases. 
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 Comparison of Non-Breaking Wave Induced Mixing Schemes Used in a Regional

Ocean Model around Japan

The effects of two non-breaking wave induced mixing schemes were compared based on numerical experiments by 

a regional ocean model around Japan, in order to improve the representation of upper ocean state. One scheme is 

derived from wave orbital motion, and another is derived from Langmuir circulation. Both schemes modifies the 

TKE budget model by adding the mixing effect terms by wave orbital motion and Langmuir circulation, and the 

Langmuir circulation scheme also amplifies the mixing length scale. This study attempts to clarify which scheme is 

the best. This problem is still in debating currently. 

Three experiments were designed. The control run, named as CR, uses Noh and Kim scheme for TKE budget. The 

experiment LC has additional mixing effect of Langmuir circulation, and the experiment OM has additional mixing 

effect of wave orbital motion. The simulation period is from 2018/01/01 to 2018/09/30. The analysis period ranges 

from 2018/04/01 to 2018/09/30. 

The results were compared with HIMAWARI SST and temperature profiles of GTSPP data. These comparisons 

indicated that both schemes enhanced the vertical mixing in the upper layer. OM significantly overestimated the 

vertical mixing in the upper 10 m, but performed better than LC between 20 m and 30 m. The mixed layer depth of 

simulations and observations was also estimated for comparison. The result showed that for cases with low 

Langmuir number, so wind is weak, LC performed better than OM. This may be because LC involved the local 

wind effect, but OM not. 
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Long-term Statistics of Snowfall Microphysical Features for EarthCARE validation activities 

Dr. Alessandro Bracci 

National Research Council of Italy, Institute of Atmospheric Sciences and Climate 

Rome, Italy 

Summary 

This research activity is rooted in long-term work conducted in the Antarctic environment, where the 
combination of scientific relevance and severe logistical constraints makes high-quality precipitation 
observations both essential and difficult to obtain. The JAXA/ESA EarthCARE mission offers a unique 
opportunity to advance the understanding of cloud and precipitation vertical structure, including ice and 
mixed-phase precipitation, thanks to its highly sensitive 94-GHz Cloud Profiling Radar (CPR) with Doppler 
capability and a synergistic multi-sensor payload. In this context, the validation of satellite retrievals is a 
key prerequisite for ensuring the reliability of EarthCARE products over remote regions such as Antarctica. 

Retrieving snowfall properties from remote sensing remains challenging because snow microphysics 
varies widely and the relationships linking particle properties to electromagnetic observables are 
uncertain. Nevertheless, remote sensing is indispensable in Antarctica, where routine in situ precipitation 
measurements are sparse and expensive to maintain. Satellite observations therefore represent the 
primary source of continent-wide precipitation information, reinforcing the need for validation strategies 
based on robust, affordable, and widely deployable ground-based instrumentation. Satellite-borne radars 
provide high-resolution vertical profiles of clouds and precipitation: CloudSat pioneered 94-GHz W-band 
profiling, and EarthCARE, launched in May 2024, extends these observations with a more sensitive 
Doppler CPR. 

Within this framework, our different joint research programmes have investigated how two instruments 
commonly available at Antarctic stations, the 24-GHz Micro Rain Radar (MRR) and a optical laser 
disdrometer, can be combined to support the validation of satellite W-band radar observations, including 
Doppler products. In the first joint research programme (2022, led by Dr Baldini), we developed the K2W 
methodology, which uses ground-based measurements to simulate 94-GHz reflectivity and Doppler 
profiles. The initial evaluation showed that K2W can reproduce CloudSat-equivalent reflectivity with a 
mean difference of ~0.2 dB at the lowest CPR range bin (within ±12.5 min and 25 km of the overpass). 
K2W also provides W-band Doppler velocity profiles below 1 km with a typical uncertainty below ~0.2 m 
s ¹, supporting its use to assess EarthCARE CPR Doppler performance and related Level-2 precipitation 
products in polar conditions. The methodology was refined through conference presentations and 
published in Remote Sensing of Environment in 2023. 

To further test the robustness and transferability of K2W, the second joint research programme (2023, 
led by Dr Baldini) extended the approach beyond Antarctica by applying it to additional climatic contexts, 
including the Arctic. A key case study is Ny-Alesund, where a ground-based 94-GHz radar operates 
alongside complementary instrumentation. The application of K2W to a snowfall dataset from Ny-Alesund 
is being documented through a summary manuscript and was also presented as a poster at the EGU 
General Assembly 2024. 

Building on the outcomes of the previous developments, this Early Career Joint Research project 
strengthens EarthCARE validation by adopting a long-term statistical perspective, which is essential to 
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overcome the intrinsic limitations of satellite/ground coincidence in space and time. The activity focuses 
on the Italian Antarctic Station “Mario Zucchelli” (MZS) and aims at producing multi-year statistics of 
snowfall microphysical properties and vertical radar observables (reflectivity and Doppler velocity). The 
main objective is to characterize how precipitation signatures evolve in the lowermost atmospheric layers, 
where spaceborne radars are impacted by near-surface blind zones (ground clutter and attenuation), and 
to quantify the role of near-surface sublimation (virga) in controlling how much snowfall effectively 
reaches the surface. These reference statistics provide a physically consistent basis for meaningful 
comparisons between EarthCARE products and ground-based observations, directly supporting validation 
activities in polar environments (pp. 3-8). 

In parallel, the project addressed three methodological aspects that are critical for the validation of 
EarthCARE CPR products at MZS (pp. 9–15). First, we investigated the choice of data-selection windows 
and relative time shifts, identifying temporal and spatial averaging strategies that maximise 
representativeness between spaceborne and ground-based observations and quantifying the sensitivity 
of validation metrics to window size and offsets. Second, we implemented and tested an optimisation of 
the K2W algorithm to improve numerical stability and reduce sensitivity to small perturbations in the input 
configuration. Third, we developed an approach for air vertical motion estimation by decomposing 
Doppler velocity into reflectivity-weighted particle terminal fall speed and vertical air motion using the 
MRR–Parsivel synergy, consistently with the decomposition provided by selected EarthCARE products. 
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I - Long-term Statistics in support of the EarthCARE validation activities 

Rationale 
Here we analyse multi-year measurements collected with a vertically pointing Micro Rain Radar (MRR) at 
Mario Zucchelli Station (MZS), Antarctica, with the specific aim of assessing how near-surface processes 
may affect satellite retrievals of surface snowfall. The available dataset covers the 2020–2024 period; 
however, a major power outage in 2022 produced extended gaps and potential seasonal imbalance. For 
this reason, year 2022 is excluded, and the analysis is performed on four austral years (2020–2021 and 
2023–2024), ensuring a more consistent sampling across seasons. Austral summer (DJF) is the best-
sampled season, consistent with the period of peak station occupancy and easier maintenance conditions, 
which improve data continuity. 

Methods 
MRR profiles are obtained by averaging the native 1-minute observations to 5-minute resolution to reduce 
high-frequency variability while preserving the evolution of snowfall events.  
Surface snow-rate (SR) estimates are derived by applying four different Ze–SR relationships to the 
reflectivity measured at the lowest usable range gate. The four parameterisations are intentionally 
selected to span a broad range of plausible Antarctic snowfall conditions and to explore the uncertainty 
envelope in SR retrievals. In particular, the chosen relationships sample: 
(i) different Antarctic coastal sites (MZS and Dumont d’Urville);
(ii) different MRR vertical sampling set-ups (e.g., different vertical resolutions and lowest usable range
gates such as 100 m/300 m and 35 m/105 m);
(iii) different assumptions on particle habit and degree of aggregation, representative of pristine versus
aggregated snow.

Virga events are defined as cases with valid hydrometeor signatures aloft in the vertical column, but with 
no detectable signal at the lowest considered range gate (105 m), consistent with precipitation 
sublimating before reaching the surface. To classify an event as surface precipitation, the signal must be 
present at the lowest usable gate and in the two adjacent gates above it (a vertical-continuity 
requirement), to reduce contamination by ground clutter or sporadic noise. Cases where a signal appears 
only at the lowest gate, without vertical continuity, are treated as ground noise and excluded from 
precipitation statistics. Conversely, situations limited to the lowest gate are separately tracked as “lowest-
level virga” and included in the overall virga counts. 

Results 

Occurrence of sublimation 
The median, mean, and the 5th–95th percentile envelope of the 5-min aggregated MRR profiles provide 
useful insight into microphysical processes occurring in the lowermost cloud layers (Figure 1). The 
pronounced decrease in Ze occurrence from about 1000 m down to 100 m a.g.l. is a clear signature of 
sublimation, likely favoured by drier near-surface conditions associated with katabatic flows, which 
prevent a substantial fraction of snowfall from reaching the ground. In contrast, the increase toward the 
surface in mean fall velocity and Doppler spectral width may indicate particle growth and/or riming in the 
presence of supercooled droplets. Over the analysed period, the MRR detected a hydrometeor signal 12% 
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of the time, while precipitation reaching the lowest usable range gate occurred 7% of the time. Virga 
events exhibit a larger interannual variability, ranging from 3.5% to 5.7% (Table 1). 

Seasonality and annual trends 
Seasonal composites of Ze profiles (Figure 2) show a marked difference at the lowest range gate, with 
mean Ze values in austral autumn and winter (MAM and JJA) about 4 dBZ higher than in austral summer 
(DJF). Interestingly, the median spring profile (SON) resembles the winter profile around 1000 m, but 
approaches the summer profile close to the surface, suggesting a season-dependent modulation of near-
surface processes. Austral summer is also characterised by slightly faster fall speeds (  +0.1 m s ¹) and 
larger Doppler spectrum widths (  +0.05 m s ¹), consistent with warmer and moister conditions. Clear 
monotonic annual trends are not expected over a four-year window; however, the Doppler-velocity 
distributions show an apparent grouping, with 2020–2021 exhibiting fall velocities about 0.25 m s ¹ higher 
than 2023–2024 across most of the vertical column. 

Effects of evaluating the virga phenomenon at different levels 
How does virga identification change when the height of the lowest usable range gate is increased? Table 
2 compares virga statistics obtained using the 105 m gate with those derived using higher “virtual” lowest 
gates: 140 m, 315 m (representative of the lowest bin in the 100-m configuration commonly used in 
Antarctica), and 490 m, which is close to the lower boundary of the EarthCARE CPR blind zone. Figure 3 
shows the corresponding continuous behaviour from 105 to 560 m. The occurrence of virga increases by 
more than 7% when moving from 490 m down to 105 m a.g.l., with roughly half of this increase 
concentrated in the final step near the surface (as also highlighted by the red curve). Ground-noise cases, 
as defined above, remain consistently below 3%. 

Estimates of accumulated Snow Water Equivalent 
Snow Water Equivalent (SWE, mm) is computed at 5-min resolution using reflectivity at the lowest 
selected MRR range gate. The different Ze–SR relationships yield a wide spread in SWE estimates (Figure 
4). The relationships derived using our instrumentation (Aggregates and Pristine) provide the lowest SWE 
estimates, followed closely by that calculated at DDU (particularly in 2023), while ERA5 reanalysis 
produces even higher totals. Focusing on 2023,the year with the most continuous data coverage, the SWE 
excess associated with using a higher lowest range gate is about 25 mm, which exceeds the typical 
confidence interval (8–9 mm). 

Conclusions 
The four-year MRR data collected at MZS provides clear evidence that near-surface sublimation is a key 
process in coastal Antarctica and has direct implications for spaceborne radar validation. Overall, the 
ground-based MRR detects a hydrometeor signal in ~12% of all 5-min samples, but only ~7% show 
precipitation reaching the lowest reliable radar bin (105 m a.g.l.). Virga accounts for ~4.8% of all samples, 
corresponding to roughly ~40% of the radar-detected columns. 

These statistics are especially relevant for EarthCARE CPR validation, because the CPR cannot reliably 
observe the lowermost few hundred metres due to the near-surface blind zone. When the lowest 
considered range gate is raised from 105 m to 490 m a.g.l. (a height representative of the lowest 
EarthCARE-reliable range bin), the inferred virga fraction decreases by more than 7 percentage points. 
This indicates that a substantial portion of sublimation occurring between 500 m and 100 m is likely missed 
by satellite radars, potentially biasing the interpretation of precipitation that arrives at the surface when 
relying on radar profiles alone. 
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The impact is not only qualitative but also propagates into surface accumulation estimates. For 2023, 
shifting the lowest gate from 105 m to 490 m increases annual SWE by 20–40 mm, an effect larger than 
the uncertainty associated with the Ze–SR parameterisation confidence intervals (largely driven by ice 
microphysics assumptions). Consequently, near-surface sublimation introduces a measurable, process-
based uncertainty term that should be explicitly accounted for when validating EarthCARE snowfall 
products over MZS, and more broadly over Antarctica. 

These findings motivate the development of a transfer (or correction) function to link radar observables 
measured aloft (i.e., at the lowest satellite-reliable bin) to surface-reaching snowfall, using the high-
vertical-resolution perspective provided by ground-based profilers. Such a transfer is expected to be 
season-dependent and likely site-dependent, and it can be supported by the growing availability of MRR 
systems across Antarctic stations. Integrating these long-term statistics with the K2W framework will 
strengthen EarthCARE validation by enabling consistent comparisons between satellite CPR products and 
ground-based observations, particularly in the critical near-surface layer where satellites are intrinsically 
blind. 

Figure 1: Overall distribution of the vertical profiles of equivalent reflectivity (Ze), Doppler vertical velocity (W) and 
Doppler spectral width (sW) 
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Figure 2: Median and 5-95% profiles of Ze, W and sW divided by season (top row) and year (bottom row).

Figure 3: Variation of relative occurrences of virga and precipitation events depending on the height of the lowest 
range gate considered.
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Figure 4: Snow water equivalent (SWE) accumulation for 2020, 2021, 2023 and 2024 at MZS. 
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Table 1: Occurrences of precipitation and virga at MZS, from MRR data aggregated at 5 minutes. 

Year Valid data 
counts 

5 min-
samples 

with 
precip. 

Precip. 
(%) 

5 min-
samples 

with 
virga 

Virga 
(%) 

2020 85136 6166 7.24 4062 4.77 

2021 100991 7597 7.52 5799 5.74 

2023 103680 7064 6.81 3634 3.50 

2024 86273 5772 6.69 4542 5.26 

Overall 376080 26599 7.07 18037 4.80 

Table 2: Occurrences of precipitation and virga considering different heights as lowest range gates. 

Height (m) Precip 
Count 

Precip 
% 

Precip 
change from 
est. at 490m 

Virga 
Count 

Virga 
% 

Virga change 
from est. at 

490m 

Noise 
Count 

Noise 
% 

105 26599 58.9 -5.87 (%) 18037 39.94 +7.68 (%) 524 1.16 

140 27519 60.94 -3.83 (%) 16334 36.17 +3.91 (%) 1307 2.89 

315 27976 61.95 -2.82 (%) 15923 35.26 +3.00 (%) 1261 2.79 

490 29252 64.77 0 (%) 14568 32.26 0 (%) 1340 2.97 

Table 3: Total SWE accumulation (mm) for year 2023, calculated at different height levels of the MRR profile and 
with different Ze-SR relationships. Estimates inside round brackets come from the confidence intervals of the 
relations parameters. Percentages inside square brackets are the gain in snow amount with respect to the 
estimate performed at 105 m. 

Ze-SR  relation 105 m 315 m 490 m 

Bracci 2022 (Aggregates) 41.84 (35.03, 49.02) 52.69 (44.50, 61.30) [ +26 % ] 59.37 (50.50, 68.69) [ +42 % ] 

Bracci 2022 (Pristine) 51.12 (43.06, 60.22) 64.87 (55.04, 75.84) [ +27 % ] 73.55 (62.77, 85.45) [ +44 % ] 

Grazioli 2017 48.88 (40.72, 62.14) 64.37 (54.75, 79.72) [ +32 % ] 75.41 (65.72, 91.21) [ +54 % ] 

Scarchilli 2020 80.87 (77.29, 86.06) 102.99 (98.66, 109.34) [ +27 % ] 117.09 (112.40, 124.07) [ +45 % ] 

ERA5 (tp) 112.07 (estimated at the ground) 
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 Motivations 

1. What temporal and spatial averaging scales provide the most representative comparison between
spaceborne and ground-based observations of the same phenomena? How sensitive are the
validation results to the averaging-window length and to relative time/space offsets?

2. Is the K2W methodology numerically stable and conceptually robust at its current stage of
development, across a broad range of snowfall conditions?

3. Can the MZS experimental setup support a separation of the measured Doppler velocity into (i)
the reflectivity-weighted particle terminal fall speed and (ii) the vertical air motion, consistent
with the decomposition provided by some EarthCARE products?

Methodologies and Results 

1) Data-selection windows and relative time shifts

EarthCARE travels at approx. 7.68 km s ¹ and, for the analysed sample, its ground track reaches a minimum 
distance of 6–20 km from MZS. CPR vertical profiles are integrated every 1 km of horizontal ground track, 
while the MRR is a vertically pointing, non-scanning ground instrument with 1-min temporal resolution.  

A meaningful comparison between satellite and ground-based profiles therefore requires harmonising 
spatial and temporal scales, while accounting for (i) the characteristic time/space scales of snowfall 
variability, (ii) advection, and (iii) the fact that the instruments effectively sample different parts of the 
column (CPR 20.000 to 500m vs MRR 1050 to 105m). 

To address this representativeness problem, we defined four adjustable parameters: two integration-
window widths and two relative time shifts among the three observing systems. The degrees of freedom 
are: 

cpr_scale: integration length along the satellite track (expressed in seconds of flight time or
equivalently in km);

mzs_scale: temporal averaging window at the station (minutes), applied consistently to the two
ground instruments;

dm: time delay between CPR and MRR (CPR  MRR);

dp: time delay between MRR and Parsivel (MRR  Parsivel).

The windows of integration develop along the satellite track for the CPR products (its width expressed 
either in decimal seconds of flight time or in km on the ground), and along the time elapsed at the ground 
station (in minutes) for the two ground instruments.  

Spatial scales along the track are connected to the temporal scales at the ground by the meteorological 
conditions and advection motions, and by the temporal scales of the microphysical processes involved in 
precipitation. Since the precipitation physically starts falling inside the EarthCARE observation window, 

II - EarthCARE validation activities 
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then reaches the MRR window and only later arrives at the Parsivel measurement point, delays are built 
in a consecutive way. All the windows (before applying the delays) are centred symmetrically around the 
time of the closest overpass distance. Distances are calculated as geodetics over the terrestrial geoid. 
Temporal windows at the ground are kept of the same total width between each other.  

The four variables were initially set up to best-guess values in accordance to the a-priori considerations 
reported above:  

ccpr_scale  mmzs_scale  ddm  ddp  
First guess 3.91 s (30 km) 40 min 10 min 10 min 
Optimal 5.21 s (40 km) 60 min 5 min 10 min 

Given the high number of total permutations, they are examined two at a time, letting the other two to 
the default values guessed from a-priori considerations. 

Contour-based sensitivity maps (Figures 1 and 2) summarise the scores derived from scatterplots built 
using the overlapping CPR and MRR profiles from the three analysed cases, with results aggregated as the 
mean across a set of EarthCARE CPR Level-2 products (CCLPjBB, CFMReAB, CCLDeBB, ACAPeBB). By 
construction, this aggregation is not intended to isolate the role of specific meteorological conditions (e.g., 
wind direction, exact overpass geometry, or local advection). Instead, the goal is to identify robust 
representativeness scales for EarthCARE–ground comparisons, avoiding case-by-case tuning and 
condition-dependent optimisation. 

Each map explores the sensitivity of the comparison metrics (e.g., correlation, RMSE, bias, and number of 
matches) to the chosen averaging/selection parameters. Markers highlight the main configurations 
tested: the a-priori best-guess setting, the best-performing point for each individual map/metric, 
intermediate trial configurations explored during iterations, and the final selected compromise 
configuration, which is the set adopted for subsequent analyses and is reported in the table above. 

Overall, the sensitivity patterns indicate that increasing the ground delay relative to EarthCARE tends to 
reduce RMSE, but often at the expense of introducing a more negative bias. Additional promising solutions 
appear for either smaller Parsivel delays or smaller MRR delays, but not simultaneously, and these 
solutions are generally less stable across products and cases. For this reason, the final choice prioritises 
robustness and consistency over maximum performance in a single metric, providing a practical 
configuration for EarthCARE validation activities at MZS. 
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Figure 1-2: Contour maps from the sensitivity analysis of the EarthCARE–MZS co-location strategy. The panels 
show how the CPR–MRR comparison scores vary with the selected averaging windows and relative time shifts, 
aggregated over the analysed cases and averaged across CPR Level-2 products. Markers indicate the first-guess 
setting, best-performing points, and the final selected configuration. 
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2) Optimization of the K2W Algorithm

The original implementation of K2W presented in Bracci et al. (2023) was found to be highly sensitive to 
(i) the power-law fit of the mean ( )relationship derived from the disdrometer and (ii) small shifts along
the Doppler-velocity axis used in the conversion factor (i.e., the -axis shift in the right-column diagnostic
plots). As a consequence, minor changes in data-selection settings (e.g., averaging windows or relative
delays) could lead to disproportionately large variations in the reconstructed W-band profiles. To improve
numerical stability and reduce sensitivity to small perturbations, several mitigation strategies were
implemented.

First, the power-law fit of the weighted-mean ( )relation was performed using a Trust Region Reflective 
(TRF) optimisation (SciPy, Python), adopting data-driven adaptive initial guesses and constraining the 
parameters within physically realistic bounds. TRF is generally robust; however, a fallback to the “dogbox” 
algorithm was also implemented. If neither optimiser converges or if the available points are insufficient 
for a reliable fit, a second fallback assigns the power-law parameters (a, b) from the literature, allowing 
the K-to-W conversion to be performed also when precipitation does not reach the surface (virga). 
Additionally, disdrometer points associated with unrealistically high snow fall speeds (above 5 m s-1) are 
excluded as outliers. 

Second, because K2W is defined only for positive (downward) fall velocities (consistent with the imposed ( )power-law constraint), the Doppler spectral reflectivity  was previously cropped on the negative-
velocity side, which can introduce inconsistencies in the reconstructed W-band profiles, particularly for 
Doppler velocity and, to a lesser extent, reflectivity. While a more physically consistent correction would 
require removing the vertical-air-motion contribution from  (so that negative velocities are no longer 
present in the hydrometeor reference frame), a provisional mitigation was adopted: the K-band spectrum 
is filtered to retain only the positive (downward) velocity component before applying the K2W conversion. 
This ensures spectral consistency between input and output and prevents artefacts driven by asymmetric 
cropping. 

Finally, because low-reflectivity conditions are characterised by reduced SNR and increased uncertainty 
in locating the Doppler-spectrum peak, a reflectivity threshold of 11 dBZ is applied when estimating 

(see Section 3), to reduce noise-driven biases in the decomposition.  

As illustrated in Figure 1, the disdrometer-derived PSD and the fitted ( ) relationship directly control 
the shape of the K2W conversion factor. In particular, the diagnostic plots highlight how the conversion 
factor exhibits a very sharp dependence on Doppler velocity, and how applying a smooth spectral mask 
helps regularise the transformation and reduce sensitivity to small shifts along the velocity axis. 
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Figure 1. Example of intermediate variables used in the K2W processing for an EarthCARE overpass. Left panels: 
Parsivel particle size distribution (PSD) with the time-aggregated mean (top) and the corresponding fitted ( )power law using the disdrometer-derived mean fall speeds (bottom; shaded area indicates the uncertainty on 
the mean). Right panels (top to bottom): K2W conversion factor as a function of Doppler velocity over the analyzed 
time window (here constant by construction for the scene), its temporal mean (logarithmic scale), highlighting the 
sharp dependence on velocity, and the smooth spectral mask following Maahn and Kollias (2012) applied to the 
Doppler spectrum. 
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3) Air Vertical Motion Estimation

Following the decomposition adopted in the JAXA Level-2 ATBD, the measured Doppler velocity can be 
expressed as: = + (1) 

We applied this decomposition to the MRR observations following Adirosi et al. (2016), exploiting the co-
located Parsivel laser disdrometer as an independent constraint on particle terminal fall speed. 

The method relies on the following assumptions: 
1. Zero vertical air motion at the surface

At ground level (0 m a.g.l.) the vertical air velocity is assumed to be zero, consistent with mass
continuity (no flow penetrates the ground).

2. Parsivel provides a proxy for terminal fall speed
The Parsivel installation height is assumed negligible, so that Parsivel-derived fall speeds can be
interpreted as terminal velocities of individual particles. Their  weighted mean is taken as a proxy
for the reflectivity-weighted terminal fall speed of the population, denoted (PAR).

3. Vertically uniform air motion in the MRR layer
The vertical air velocity between 100 m and 1000 m a.g.l. may differ from zero but is assumed
constant with height within this layer. Under this assumption, vertical variations in measured
by the MRR are attributed to changes in (microphysics) rather than to variations in .

4. Near-surface Doppler–terminal mismatch is driven by air motion
The difference between the MRR Doppler velocity at the lowest reliable bin (105 m) and (PAR)
is assumed to be caused primarily by vertical air motion at that level, rather than by microphysical
changes, scattering-model limitations, or sampling of different air parcels due to advection.

Within this framework, the vertical air motion is estimated as: = (MRR, 105 ) (PAR) (2) 

A height-dependent estimate of the terminal fall speed from the MRR is then obtained by removing the 
estimated air motion from the Doppler velocity profile: (MRR, ) = (MRR, ) (3) 

By definition, should not be negative (upward). However, Eq. (3) can yield negative values when >(MRR, )at some heights. In those cases, is flagged as invalid and set to NaN.

The derived quantities can be compared directly with EarthCARE Level-2 outputs: 
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can be compared with sedimentation velocity (ESA products) and with the JAXA terminal-
velocity proxy obtained as difference between Doppler velocity and cloud_air_velocity_1km;

can be compared with difference between Doppler velocity and sedimentation_velocity (ESA
products) and with cloud_air_velocity_1km (JAXA products).

Figure 1 provides an example of the Doppler-velocity decomposition applied to co-located MRR and 
Parsivel observations and its comparison with EarthCARE CPR Level-2 products. In this case, the MRR 
Doppler velocity profiles (K-band and K2W-derived W-band) are consistent with each other in the lowest 
kilometre and are generally more negative than the CPR Doppler estimates, highlighting the impact of 
sampling/representativeness differences and near-surface limitations. Using the Parsivel-derived terminal 
fall speed at the surface as a constraint, we estimate a near-surface vertical air motion of about 0.6 ms 1 
(downward). Subtracting this term from the MRR Doppler profile yields a height-dependent reflectivity-
weighted terminal velocity , which can be compared directly with sedimentation velocity. The 
comparison illustrates how the MRR–Parsivel synergy can provide an independent, physically consistent 
separation of microphysical fall-speed variability from vertical-air-motion effects, thereby supporting the 
interpretation and validation of EarthCARE Doppler-based products over MZS. 
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Abstract 

This study investigates the predictability of the Southern Hemisphere (SH) stratospheric 

sudden warming (SSW) event in September 2019 and its impact on tropical cyclone (TC) 

activity over the North Pacific. Using high-resolution lagged-ensemble forecasts from the 

Nonhydreostatic Icosahedral Atmospheric Model (NICAM), a total of 96 ensemble members 

are categorized into two groups based on their success in capturing the SSW event. The 

ensembles that accurately predicted the SSW exhibit a pronounced temperature decrease in the 

tropical lower stratosphere, which resulted in reduced static stability and enhanced tropical 

deep convection. This SH SSW-related enhancement of tropical convection results in increased 

genesis of TCs over the North Pacific and frequent TCs visiting the Korean peninsula and 

western Japan. The findings highlight the influence of SH SSW on tropical convection and TC 

activity during the boreal summer, suggesting potential implications for seasonal forecasting 

int the North Pacific region. 



Research Purpose 

This study aims to investigate the dynamical processes underlying troposphere-

stratosphere interactions during Sudden Stratospheric Warming (SSW) events, with a particular 

focus on their modulation of tropical convection and TC activities. SSW is one of the most 

dramatic events in the atmosphere, typically involving rapid warming with the breakdown of 

the stratospheric polar vortex. SSWs influence not only stratospheric circulation but also 

surface climate for up to 2 months. While previous studies predominantly emphasized the 

impacts of SSW over the mid- to high-latitudes in the same hemisphere, however, SSWs also 

can modulate convective activity over the tropics in the opposite hemisphere. To discuss the 

climate impacts in the troposphere by SSWs more quantitatively, we need an integrated 

understanding of the entire atmosphere on a global scale. By better understanding the 

interaction processes between the troposphere and stratosphere associated with SSW, we can 

further develop a comprehensive understanding of the entire atmosphere which has been poorly 

understood currently. Therefore, we explore the dynamics of atmospheric interaction of the 

SSW events between polar to tropical circulation. 

Data and Methods 

The Nonhydrostatic Icosahedral Atmospheric Model (NICAM; Tomita and Satoh 2004; 

Satoh et al., 2008, 2014) version 16 is used in this study. Both 6-hourly JRA-55 and the 3-

hourly fifth generation European Centre for Medium-Range Weather Forecast atmospheric 

reanalysis (ERA5) fields are used to initialize the model from 20th to 27th August 2019, this 

allows a total of ensembles with JRA-55 32 and 64 ensembles with ERA5, respectively. Each 

ensemble is independently regarded. The 30-day simulation was performed. Temperature, 



zonal wind, and vertical velocity are analyzed on pressure levels. The outgoing longwave 

radiation (OLR), i.e., the upward longwave flux at the top of the atmosphere, is also examined. 

The 3-hourly output is daily averaged.  

The TCs are autonomously tracked in the NICAM system with the following criteria. The 

TC is detected when the maximum wind speed at 850 hPa is faster than 17.5 m s-1, temperature 

deviation is warmer than 8 K, relative vorticity at 850 hPa is stronger than 3.5×10-5 s-1, and the 

height of the central location is less than 10 m (personal communication with Dr. Yamada at 

JAMSTEC). The 5°x5° grid box in latitude and longitude from the TC center is counted to 

calculate the horizontal distribution of mean TC frequency and genesis. 

Results 

In September 2019, a minor SSW occurred in the SH. Unlike the NH, the SH has recorded 

only one major SSW in 2002 since observations began. Because SH SSWs are very rare, it is 

also meaningful to analyse minor SSWs that do not manifest until the zonal-mean zonal wind 

reversal at the edge of the vortex. Though the 2019 SH SSW event is referred to as a minor 

event, its wind deceleration was comparable to that of the 2002 SH SSW (Lim et al., 2020), 

with the warmest polar temperature anomaly in September since satellite observations began 

(Noguchi et al., 2020). Moreover, the zonal-mean zonal wind at 50°S was reversed from 

westerly to easterly, affecting the troposphere in a major way (Rao et al., 2020). Although 

SSWs in SH are not frequent, when they occur, they can impact the tropics as well as the 

Antarctic and midlatitudes in SH. 

It is possible that the SH SSW event can affect NH TC activities as TCs are most active 

in the boreal late summer to early fall. Since it is difficult to establish a causal relationship with 



a case analysis, the numerical model study is inevitable. In previous studies (Noguchi et al., 

2020; Yoshida and Mizuta, 2021), cumulus parameterization was used in numerical 

experiments. It has been pointed out that cumulus parameterization makes a difference in the 

response of cumulus activity in the tropics to the stratospheric dynamic field. This study 

eliminates this effect by using a reliable cloud resolution model that does not use cumulus 

parameterization. 

And the case of the 2019 SH SSW event, even though the SH polar vortex substantially 

weakened, it did not exhibit the reversal of zonal-mean zonal wind at 10 hPa and 60°S, so it is 

classified as a minor warming event. Instead, zonal-mean zonal wind at 10 hPa and 50°S (Rao 

et al., 2020) is reversed to easterly. Therefore, this study did not indicate an explicit onset of 

2019 SH SSW.  

Figure 1a shows the time series of zonal-mean zonal winds at 50°S and 60°S in 2019 for 

JRA-55 reanalysis. The climatological values are also indicated in green. The Antarctic polar 

vortex continued to weaken from the end of August, showing about 60 m/s of zonal-mean zonal 

wind deceleration at 60°S until mid-September (Figure 1a). However, it did not cross the zero 

line. Nevertheless, it exhibits a substantial vortex weakening enough to refer to this case as a 

minor SSW. At 50°S, the wind direction is switched from westerly to easterly (e.g., Rao et al., 

2020) with a comparable wind deceleration to that in 60°S. Such a rapid deceleration of the 

zonal wind appears not only at a specific vertical level but also throughout the stratosphere, 

showing the breaking of the polar vortex (Figure 1b). Consistent with this polar vortex 

weakening, the polar-cap averaged temperature increases, showing a positive anomaly of about 

40 K or higher in the middle stratosphere by mid-September (Figure 1c). At the same time, the 

lower stratospheric temperature in the NH tropics decreases (Figures 1d, e); this see-saw-like 

temperature change between the SH polar stratosphere and NH tropical stratosphere indicates 



an enhanced stratospheric meridional circulation. It is important to note that the cooling in the 

tropical lower stratosphere destabilizes the UTLS. This can strengthen deep convection over 

the region where deep convections frequently develop (Figure 1f).  

Figure 1. Time series of zonal-mean zonal wind at 10 hPa and 50°S, 60°S for 2019 and 

climatology: a), pressure-time cross sections of b) zonal-mean zonal wind at 60°S, c) polar cap 

(70°S to 90°S) temperature, d) NH tropical (equator to 20°N) temperature, e) NH tropical 

temperature tendency, and f) derivative of NH tropical potential temperature with respect to 

height for JRA-55 reanalysis. 

The time evolution of the zonal-mean zonal wind and temperature in the SH polar 

stratosphere and the stratospheric temperature in the NH tropics simulated by NICAM is 

illustrated in Figure 2. There is no noteworthy difference between ensembles in the zonal wind 

until the 4th of September. After that, ensemble spread increases in both JRA-55 and ERA5 



initializations. Some ensembles show a rapid wind deceleration, while others show a gradual 

wind deceleration (Figures 2a, d). In former ensembles, polar-cap averaged temperature rapidly 

increases within two weeks (Figures 2b, e) as in observation. 

The stratospheric cooling in the tropics also differs significantly in amplitude and timing 

depending on the ensemble (Figures 2c, f). The later-initialized ensembles tend to better 

simulate polar vortex weakening, polar-cap temperature increase, and tropical stratospheric 

cooling in the SSW period. This propensity is somewhat anticipated, as the later-initialized 

ensembles might have a relatively small bias and better simulate the SSW. However, their 

differences are not only determined by the initialization time, as some ensembles initialized 

early well predict polar vortex weakening than those initialized after that time and vice versa. 

Figure 2. Time evolution of NICAM prediction results by their initialization date: (top) zonal-



mean zonal wind at 10 hPa and 60°S, (middle) polar cap temperature at 10 hPa, and (bottom) 

temperature at 70 hPa over the equator to 20°N. Initialized by JRA-55 (6-hour interval) are 

shown in the left column, and ERA5 initialization (3-hour interval) results are shown in the 

right column. Black vertical lines denote the 3rd of September and 12th of September, which 

denote the period of defining NICAM_SSW and NICAM_noSSW groups. 

To determine the effect of the SH SSW on tropical convection and TC activities, the 

difference between the ensembles that simulate SSW (hereafter NICAM_ySSW) and those 

missed SSW (hereafter NICAM_nSSW) is examined. More specifically, NICAM_ySSW and 

NICAM_nSSW are defined as the ensembles with their zonal-mean zonal wind at 10 hPa and 

60°S from 4 to 17 September (black vertical lines Figures. 2) are lower 25% and upper 25%, 

respectively, in each initialization dataset (JRA-55 and ERA5). Although model output is 

available since 28th August, the data only after 4th September is analyzed to avoid bias in the 

early period. 

The relationship between the polar vortex intensity and polar/tropical stratospheric 

temperature is presented in Figure 3. The time-averaged 10-hPa polar-cap temperature, during 

4th-17th September, is related to the zonal-mean zonal wind at 10 hPa and 60°S are shown for 

each initialization. Not surprisingly, the polar stratospheric wind and temperature are 

negatively correlated, with a correlation coefficient of -0.97. This value is statistically 

significant at the 99% confidence level. The mean of NICAM_ySSW ensembles shows zonal 

wind (44.7 m/s) and temperature (234.3 K), close to reanalysis (green triangles in Fig. 3), 

distinctly distinguished from stronger vortex and colder stratosphere for the mean of 

NICAM_nSSW. The SH polar stratospheric wind and the NH tropical temperature at 70 hPa 

are positively correlated. Although their correlation coefficients are not large (0.83 for JRA-55 



initialization and 0.73 for ERA initialization), they are still statistically significant at the 

confidence level of 99% (Figures 3b, d). Such a positive correlation indicates that a weak polar 

vortex accompanies a cold tropical stratosphere, as shown in Figure 1. The ensemble mean of 

NICAM_ySSW shows a relatively cold tropical stratosphere, contrasting with relatively warm 

in the case of NICAM_nSSW. 

Figure 3. Scatterplots of time-averaged variables during 4-17 September in each ensemble: a) 

zonal-mean zonal wind at 10 hPa and 60°S versus PCT at 10 hPa, and b) zonal-mean zonal 

wind at 10 hPa and 60°S versus zonal-mean temperature at 70 hPa over the equator to 20°N. 

The upper and lower triangles denote JRA-55 initialization (6 hourly) and ERA5 initialization 

(3 hourly), respectively. The red (blue) triangles represent NICAM_SSW (NICAM_noSSW) 

ensembles. 

Figure 4 presents the differences between NICAM_ySSW and NICAM_nSSW ensembles 

as a function of pressure and time. A systematic difference is observed in the polar-cap 

temperature (Figure 4a). From September, a negative difference also becomes prominent in the 

tropical lower stratospheric temperature (Figure 4b). A significant cooling in the tropical lower 



stratosphere is particularly evident from the end of August, which was maximized on 5 

September 2019. This temperature difference results in the negative potential temperature 

derivative with height at 100 hPa from 3rd September to mid-September, leading to reduced 

static stability in the tropical lower stratosphere and the TTL region (Figure 4c). It is speculated 

that reduced static stability in the NH tropics (equator to 20°N) may allow more active deep 

convection and TC genesis. 

Figure 4. Pressure-time cross sections of lagged-ensemble mean differences of the 

NICAM_ySSW from the NICAM_nSSW prediction: a) polar cap (70°S to 90°S) temperature, 

b) NH tropical (0 to 20°N) temperature, and c) derivative of potential temperature with respect

to height. The area with a statistical significance of difference larger than 95% (Welch’s t-test) 

is denoted by dots. 

The impact of the 2019 SH SSW on TC activities is investigated in Figure 5 by comparing 



TCs in NICAM_ySSW and NICAM_nSSW ensembles. The TC genesis and frequency maps 

averaged from 4 to 17 September are particularly illustrated for NICAM_ySSW, 

NICAM_nSSW and their difference. Both NICAM_ySSW and NICAM_nSSW ensembles 

show that TCs frequently form over the tropical North Pacific and North Atlantic, move 

northwestward, and turn to the northeast in midlatitudes (Figures 5a, b). The TC differences 

between NICAM_ySSW and NICAM_nSSW are characterized by the broad positive areas 

centered from 20°N and 170°E and reaching the Korean peninsula and Japan (Figure 5c). They 

are accompanied by negative differences in the east. Such track changes are associated with a 

westward movement of TC genesis. The TC genesis increased around 15°N and 140°E but 

decreased in the northeastern region of this area. Here, it is important to note that the amplitude 

of the positive difference is more prominent than that of the negative one. It indicates that TC 

genesis is also enhanced in the western region. Although positive and negative frequency 

patterns are also observed in the North Atlantic, the TC difference in this region appears less 

systematic. 



Figure 5. The horizontal distribution of TC frequency (shading) and genesis (contour): a) 

NICAM_ySSW, b) NICAM_nSSW, and c) NICAM_ySSW minus NICAM_nSSW which is 

generated from 4 September to 17 September. Black dots in c) denote the statistically 

significant areas in TC genesis at a 95% significance level. 

Summary and discussion 

The present study examines the possible influences of the 2019 SH SSW on the NH 

tropical convection and TC activities using the high-resolution lagged-ensemble model 

simulations. The weakening of the SH polar vortex accompanies the cooling in the tropical 



lower stratosphere. It weakens the static stability in the tropical UTLS and provides a favorable 

condition for enhanced deep convection and TC activities in the NH tropics. The enhanced TC 

activity is found over the western North Pacific, where deep convection is prevailing. This 

result indicates that a successful stratosphere simulation can improve the subseasonal 

prediction of tropical convection and TCs. 

This study provides a unique hint of how the SH SSW can modulate the NH TC activities. 

Since the stratosphere has longer predictability than the troposphere, the SSW-TC linkage 

explored in this study may provide an additional TC prediction skill. Such a relationship 

deserves a separate study while a hint of the SSW-TC relationship is presented. Nevertheless, 

the results here have several limitations. It is necessary to investigate the dynamical explanation 

for the difference in TC activities. 

Conference presentations 

The content of the research was presented at 28 May 2024 in JpGU. 

Title: “Possible Impact of the 2019 Southern Hemisphere Stratospheric Sudden Warming on 

Tropical Cyclone activities over the western North Pacific” 
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