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Volumetric measurements of large tsunami boulders have been a challenging issue. Although manual

measurements have often been carried out to estimate the size of boulders, the volume may not be

directly measured in such a manner because of their complex shape and vegetation covers. Alternatively,

three axes (long, medium and short) are often used as representative size parameter of a boulder.

However, the accurate measure of the volume is necessary for quantitative assessments of the transport

processes of tsunami boulders. Here we perform field measurements of three-dimensional morphology of

tsunami boulders in the southern Ryukyu Islands using 3D technologies including terrestrial laser

scanning (TLS) and structure-from-motion multi-view stereo (SfM-MVS) photogrammetry either by an

unmanned aerial system (UAS) or ground-based camera. The 3D point cloud data obtained by TLS and

UAS-SfM are registered and georeferenced, manually filtered to remove vegetation, and converted to 3D

mesh data by calculating normal and reconstructing 3D surfaces. The TLS-derived data is used as the

reference, while UAS-derived data is utilized for the measurements of widely-distributed tsunami

boulders. Although detailed topographic features such as the surface roughness are much better

represented in the TLS-derived data, the resultant mesh volumes are nearly the same for both data with

<1% difference. The TLS- and UAS-derived volume data are compared with those by manual

measurements, showing a good linear correlation. The accurate measure of the volume of tsunami

boulders is used for the reconstruction of the potential kinematic energy of tsunami waves, suggesting the

presence of higher tsunamis in the southwestern side of the Ryukyu Islands.
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　南極氷床の過去の変動記録は､今後劇的に変化するかもしれない東南極氷床融解の将来予測のためにも重要で

ある｡東南極宗谷海岸南部では宇宙線生成核種を用いた表面露出年代測定法に基づく氷床後退年代が示されてい

るが､地形学的な記載に乏しく､氷床の最大拡大期や後退のスピードといった時空間的な氷床変動の復元に

至っていない｡従って､スポット的な氷床後退年代と共に､基盤の風化状態などの地形学的特徴から氷床変動の同

時間面を推定し､より詳細かつ広範囲な氷床変動を復元することが重要である｡そこで本研究では､宗谷海岸北部

(West Ongul島) と南部 (Telen) において､Unmanned aerial vehicle (UAV) による空撮とStructure from

Motion (SfM) 技術により取得した数値標高モデル (DEM) を用いて,基盤岩の風化状態の評価を試みた｡また､空

撮地域内において岩質がほぼ同等だと確認された地点で表層の岩石を採取し､ｴｺｰﾁｯﾌﾟ硬さ試験機を用いて深さ

方向(表層から5 cmまで)の岩石の反発強度を調べた｡これらの現地調査は､第57次南極地域観測隊 (2015年

12月から2016年2月) の一環として実施した｡ 

　West Ongul島とTelenのUAV-SfM解析領域内における地形的特徴を抽出するため､全体の傾斜を補正後の

DEMに対して周波数解析を行い､5.0 m､1.0 m､0.2 mのハイパスフィルターを掛けることにより各周波数成分

の抽出を行った｡その結果､低周波成分(5.0 mハイパス)は主に地質構造に起因する起伏を反映するのに対し､高

周波成分(0.2 mハイパス)はTelenにおいてやや卓越し,とくに地形の急傾斜に対応することが分かった｡また､約

5 cmﾒｯｼｭにおける傾斜のﾋｽﾄｸﾞﾗﾑからも､Telenには40以上の傾斜をもつ区画が多いことが明らかになった｡こ

のことは､Telenにおける高周波成分の卓越が､地形の遷急線にあたる地形の角が保存されていることを示して

いる可能性がある｡一方､West Ongul島では風化の影響で地形的に角張った部分が削剥されてしまったと考えら

れる｡また､両地域のｴｺｰﾁｯﾌﾟによる反発強度(L値)を比較するとTelenのL値はWest Ongul島と比較して約1.2倍

大きかった｡さらに両地域とも深度が増すにつれ､L値が大きくなる傾向がある｡このことは､West Ongul島の表

層で物理的強度が減少していることを示しており､表層の風化による影響を強く示唆する｡つまり反発強度の結

果はUAV-SfMで得られた地形の特徴と整合的な結果といえる｡以上のことから､今回得られた宗谷海岸北部と南

部の地形情報の違いは氷床後退時期の違いに起因しており､West Ongul島がTelenに比べてより強く風化の影

響を受けていることを示していると考えられる｡しかし､今回の解析では地形の起伏には岩質の違いや地層の傾

き､氷河底での環境など様々な要因をまだ充分に検討出来ておらず､今後の研究課題である｡
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Coastal sand dunes have been closely related to human activities. In recent centuries, the landward sides

of sand dunes have been modified by the creation of farmlands and erosion control forests, as well as the

construction of harbors, airports, roads, and residential areas. On the sea side of sand dunes, coastal

structures, including revetments and detached breakwaters, have been installed to prevent coastal

erosion. By these reasons, the total area of sand dunes has significantly decreased in Japan, and the

ecosystem therein has been greatly affected by these changes. The number of endangered species per

unit area is particularly large when compared with those in forests and wetlands. These facts encourage

the need for the conservation and restoration of sand dunes and their ecosystem. 

Meanwhile, investigating sand dunes in the natural state is indispensable for future planning of such

conservation planning. This study focuses on the vegetation in sand dunes, which is the primary producer

of the ecosystem. In previous studies, it has been suggested that the accretion of sand has the greatest

influence on the distribution and survival of vegetation in sand dunes. However, although many studies

have explored relationships between coastal sand dune vegetation and environmental factors, effects of

landforms on the vegetation growth and distribution have rarely been examined. Here we investigate the

spatial relationships between vegetation and landforms in the Tottori sand dunes using high-resolution

ground surface information obtained from terrestrial laser scanning (TLS) and unmanned aerial

vehicle-based structure-from-motion (UAV-SfM) photogrammetry. Sand dunes vegetation was classified

into several communities, and a vegetation map was created based on the orthorectified images obtained

by UAV-SfM photogrammetry. We analyzed the spatial correlation between vegetation and landforms. In

particular, there is a relationship between the aspect of slope and distribution of vegetation. The

distribution of vegetation and landforms is likely affected by the constant wind from the south having a

speed of more than 5 m per second, as well as the seasonal winter wind from the northwest having a

speed of more than 10 m per second. Because coastal sand dunes are a part of the dynamic ecosystem, it

is necessary to further explore the dynamic relationships of vegetation growth with changing landforms,

which will be clarified by their continuous monitoring.
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　2016年熊本地震によって，熊本県阿蘇地域では多数の斜面崩壊が発生した。地上レーザ測量を用いて阿蘇

市の仙酔峡で地震前後の斜面形状を取得し，標高の変化量に着目して、点群や縦断面に基づく解析を

行った。この結果，過去の豪雨による崩壊地においても、今回の地震による新たな崩壊が発生したことが明ら

かとなった。崩壊深は約6 mで，これは豪雨による過去の斜面崩壊よりも深い傾向があることがわかった。縦

断面の形状については，豪雨による崩壊が直線的であるのに対し，今回の崩壊はやや湾曲しており，従来と異

なるすべり面，崩壊様式で生じた可能性が示唆される。また，地震後約半年の間にも，崩壊地周辺の尾根付

近，崩壊地の中腹，崩壊地下部の谷底付近でも変化が生じており，崩壊の残土が下流へ流出したことが考えら

れる。こうした二次的な土砂移動は，2016年6月の比較的強い降雨と関連している可能性がある。
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Recent advances in the measurement approaches using terrestrial laser scanning (TLS) have enabled

quantitative evaluation of forest environments with three-dimensional (3D) point cloud data. Several

issues, including estimation of biomass, light transmission through canopies, and hierarchical structures

of forests, have been investigated by point cloud analysis. However, the 3D structures of individual trees,

as well as the relationships among such vegetation characteristics and topographic conditions, remain to

be further examined. In this study, we examine the inclination of tree trunks, as a representative shape

parameter of forest vegetation, in a small hilly watershed using 3D point cloud data. The effects of

topographic conditions on the vegetation shape are further investigated. We use multiple time series of

point cloud data obtained by TLS in 2005 and 2016, which enable us to detect decadal changes in the

vegetation and topography in the study site. Spatial distribution of the tree inclinations shows topographic

controls on the vegetation shape: for instance, more inclined trees are found around the valley bottom

where slopes tend to be steep due to the channel incision. Comparisons of the multi-temporal point cloud

data reveal the changes in both vegetation shape and topography. In particular, gradual erosion and

deposition of sediments on the order of decimeters to meters are found to have occurred around the

valley bottom following the occurrence of the debris flow in 2005. In the last decade, the sediment

accumulation was domant in gentle reaches along the channel, while the erosion occurred on the steep

side slopes. Such the change in topography seems to have affected the tree trunk inclinations, probably

due to the soil creep toward the steepest descent of the catchment slopes. Also, it is suggested that the

tree crown have grown asymmetrically toward the sunlight that is more available in the forest gap around

the valley bottom, leading the tree trunk more inclined toward the gap due to its unbalanced weight. This

kind of analysis will also contribute to the disaster prevention issues in mountainous or hilly areas with

forests.
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　近年，UAV（Unmanned Aerial Vehicle）とSfM-MVS（Structure from Motion –Multi-view Stereo）を利用

することで簡単に数cm～数十cm程度の高空間解像度の地形情報を取得することが可能になっている．日本の

地形学においては特に災害が発生した際に現れる地すべりや地表地震断層の測量など，即時性の高いデータを

整備することが行われてきた．UAVとSfM-MVSは，高空間解像度の地形情報を取得することを低コストで行う

ことができるという利点がある上に，調査設計者がデータを取得したいタイミングで自由に測量することがで

きるという利点もある．これにより，従来の空中写真よりも高時間解像度の地形情報を取得することが可能に

なった． 

　高時空間解像度の地形情報を取得できるメリットを生かして，発表者は礫床河川の地形変化のモニタリング

を行うことを最終的な目的としている．まず，UAVとSfM-MVSで生成できる数値地形モデル（DSM：Digital

Surface Model）の解像度は数cm～数十cmオーダーであり，河床礫を１つ１つ捉えることができる．ま

た，日本の礫床河川は勾配が急でありかつ流量が多いため，流速が速い．これにより，頻繁に土砂移動現象が

起こると考えられる．これを定期的に観測することによって自然現象下の土砂移動を捉えることが可能とな

る．しかし，既存研究では対象地を高空間解像度で一度撮影したデータをもとに解析した研究が多くを占めて

いるため，継続的に変化量を定量的に算出する研究が少ない．また，礫床河川を測量できるレベルの空間解像

度を誇るデータの差分抽出を行っている研究も少ない．本研究では，実証実験と現地での測量実験を通し

て，礫床河川の測量を行う際の運用に関して検証を行い，解析プロセスを提案し，地形変化量を算出するため

の課題を挙げる． 

　まず，河床礫を想定したサイズのレンガをUAVとSfM-MVSを利用して測量し，実際のレンガのサイズとどの

程度精度が異なるのか検証した． 

　DSMの精度は，飛行高度を上げるにつれて低下する．これは，空間解像度の低下の影響である．また，画像

の解析枚数を増やすにつれて精度が上がる傾向があるが，画像が増加することで新たな特徴点が抽出されるた

め，生成するモデルが異なってしまう場合がある．カメラの性能やGCPによりDSMの垂直・水平精度は大きく

変化する． 

　さらに，DSMの精度に最も影響を与えるのが解析の際に付与するGCP（Ground Control Point：地上基準

点）である．GCPは測量する対象物のxy平面の端から端，z方向の最高点および最低点に付与し，対象物を内

挿するように配置するのがよい．さらに，適切な高度情報復元精度を保つために，最も割合の大きい高度付近

にGCPの個数を増やすことが必要である． 

　以上のことから，UAVとSfM-MVSでDSMを生成する際には，測量者の計画・解析方法が空間解像度や精度

に大きく関わることが明らかとなった．特に，地形学への応用を試みる際には，対象となる地形を計測するた

めの適切な空間解像度を測量者が自ら予め設定することが必要である．さらに，実験セットを利用して差分の

抽出を試みた．その結果，精度の高いDSMどうしを差分抽出することで垂直精度0.2cm程度の差分抽出が可能

となった． 

　この結果を利用して実際に礫床河川の測量を試みた．対象地域は白山に源流を持つ一級河川である手取川で

ある．100m×100m程度の河床を，2週間に1回程度の頻度でUAVを利用して撮影した．その際改正航空法に

従って対地高度30mで飛行させた．撮影した画像をSfM-MVSで解析し，DSMを生成した．GCPは，一時期の
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測量データ（ここでは2016年12月8日撮影分）を利用して基準点を定め，他の時期のデータのものに付与して

使いまわした．DSMの解像度は2.5cmであった． 

　その結果，図１のように実際の礫を捉えることができた．捉えることができた礫径は約50cm程度で

あった．また，等高線を描くことで礫の形状を表現することができた．これを，他時期のDSMとの差分抽出を

行い，礫の運搬・堆積状況を計測しようとした．その結果，水平誤差が約45cm程度発生してしまい，礫サイ

ズでの差分抽出ができなかった．GCPの水平精度は5cm程度であるのに対し，DSMの誤差にも目立った系統性

がみられなかった．よって，相対座標を用いたGCPを用いるのではなく，絶対座標を用いた水平精度数mm程

度の精密な（Global Navigation Satellite System：全球測位衛星システム）やRTK（Real Time Kinematic）な

どの高精度測量を行う必要性がある． 

　本研究を続ける上でこの問題を解決することではじめて礫州の発達過程を従来の地形学的な研究成果とつな

げることができる．そして，DEMで微地形の変化を捉えることで数十万年スケールの地形発達過程をシ

ミュレートし，地形発達シミュレーションの実現が可能となる．手取川ではダム建設以降礫の流出が盛んに行

われており，数十年でも河床の変化が激しい．今後は，手取川の地形発達シミュレーションを構築し，数十万

年スケール程度の地形発達を推測し，河道変化と環境変化について考察を深めていきたいと考えている．
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In recent years, SfM MVS (Structure-from-Motion Multi-View-Stereo) photogrammetry has become

widespread in the Earth sciences. Although this technique has been applied mainly to topography

measurement, it has been expected to have applications in the analysis of data from analogue

experiments (model experiments). 

 

In this study, we attempted to verify whether or not the SfM MVS technique could extract displacement of

a sub-millimeter order when applied to a small analogue experiment. We employed an analogue

experiment on surface deformation caused by inflation of a magma chamber, because this type of

experiment has often been conducted and discussed for the purpose of understanding caldera formation,

and excellent results have been obtained. In addition, the requisite knowledge for obtaining a good result

has been accumulated. 

 

We made an experimental apparatus using an aluminum tube (diameter 60 cm), a small balloon, a bicycle

pump, and rice powder. We conducted experiments and analysis according to the following procedures.

(1) We fixed the balloon (radius 2.0 cm) at the center of the base of the tube, and covered it with rice

powder. The base is 19 cm below the top of the tube. The scale of this model experiment was 1/20,000,

and the fracture strength of the material was estimated using the Coulomb-Mohr criterion for model

experiments. (2) We took photos (80 pictures) of the non-deformed surface as an initial state, from various

directions and distances. We employed a RICOH GR II digital camera to take the photos. (3) We inflated

the balloon radius from 2.0 cm to 4.5 cm in 0.5 cm increments, and we took photos (80 pictures) of the

deformed surface caused by the inflated balloon at each stage. (4) We analyzed these photos using

PhotoScan software, and constructed a DEM (Digital Elevation Model). (5) We detected net surface

deformations caused by inflations of the balloon by subtracting the DEM data obtained at an arbitrary

stage from the DEM data obtained at the other stages, using QGIS software. 

 

We repeated this experiment more than ten times, and found that vertical deformations of more than 1

mm could be extracted without conspicuous noise. In addition, we found that inhomogeneity of

illumination affected the extraction of the net deformation field, when we attempted to extract vertical

deformations of less than 1 mm. The effects of this inhomogeneity appeared as systematic noise or error,

appearing like a shadow in the results. This systematic noise appeared in the results even if we illuminated

the experimental apparatus using strong LED lights. From the occurrence pattern of the noise, we found

that the ceiling lights were causing inhomogeneity of illumination. When we conducted the experiments

without the ceiling lights, we were able to detect vertical deformation of 0.2 mm without conspicuous

noise. 
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From these results, we can conclude that the SfM MVS technique can extract vertical deformations of 0.2

mm when the technique is applied to model experiments of the scale of 1/20,000.
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3D modeling of a damaged Sabo dam with a combination of a DSM

and near-surface geophysical survey data
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We conducted an integrated analysis of high-resolution digital surface model (DSM) and detailed

geophysical survey data obtained on the rear wall of a sabo dam, which had been damaged by a huge

debris flow occurred in July 9, 2014. An orthophotograph and a DSM of the rear wall of the dam were

reconstructed from a set of surface digital photo images at a spatial resolution of 1.2 cm using commercial

multi-view stereo (MVS) software (Agisoft Photoscan). The debris flow swept away the top 5 m part of the

dam, and segmented the dam body into several blocks associated with horizontal cracks. Estimated

surface dislocation was at most 20 cm. Our DSM covered the right half surface of the dam (left bank side),

about 30 m wide and 20 m high. We also carried out GPR measurements on the surface, 10 m wide and

15m high, by hanging and moving up the tool along the surface from the top of the dam. A total of 50

lines was scanned at 20 cm intervals. In addition, high-resolution seismic measurements were conducted

along 5 survey lines set horizontally on the surface. Piezoelectric type accelerometers were pasted on the

surface at 20 cm intervals, and manual hit using rock hammer was employed for generating

high-frequency signals. 

Because the dam surface was too steep and too high to place a number of GCPs by hand, only 3 points

were set on the surface at reachable distances. Then we built a DSM projected on the inclined plane

defined by these 3 points. Detailed GPR measurements successfully imaged fractures at the shallow

depths up to 1 m, and high-resolution seismic survey detected dipping fractures extending into the

deeper portion in the body up to 8m. In addition, photogrammetric analysis clearly mapped blocked

deformation. Finally, we combined these planes to create a 3D model with aid of a 3D modeling tool

named Voxler provided by Golden Software. In conclusion, joint interpretation of geophysical survey

results with the photogrammetric analysis was quite helpful to interpret the dislocation process of the

dam body. GPR and high-resolution seismic survey results also demonstrated their applicability for the

delineation of internal fracture in large concrete structures.
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