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C-band ~5.6 cm

X-band ~3.15 cm

L-band ~23.6 cm

TerraSAR-X (Germany)
COSMO-SkyMed (Italy)
PAZ (Spain)

ERS-1/2 (ESA)*
ENVISAT ASAR (ESA)*
RADARSAT-1/2 (Canada)
Sentinel-1A/B (ESA)

JERS-1 (Japan)*
ALOS-1 PALSAR-1 (Japan)*
ALOS-2 PALSAR-2 (Japan)
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山体滑坡

粘塑性滑坡

热融滑塌陷

易发性评价

地震震损地面沉降

地下水开采

削山造城

煤矿开采



Slumgullion
浓汤

‘clean-out-the-refrigerator’
--乱 炖 --
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L`abc

defg 1-2 cmhij 7 m

klfg 300j

m 4,000 mhn 300 m
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UAVSAR
Gulfstream III 

0.5 x 1.6 m

≥ 4 people

op*qr

o Cz UAVSAR (L-band)
NASA | JPL; 2011-2018
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Hu et al., 2020, Nature Comms.
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o Cz UAVSAR (L-band)
NASA | JPL; 2011-2018

o ?z Sentinel-1 (C-band)
ESA; 2017-2018

o _`fgInSAR + jk{|}~POT
1k+NO������&�2YNg%

o �frFfg +������
Piezometer
Precipitation gauge

Extensometers
Inclinometers

Unprecedented data collection!!
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Hu et al., 2020, Nature Comms.
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600 mm >> �#20 mm 

Depth 5-10 m
43-day ~ Defo. 20 mm

Depth 0-5 m
49-day ~ Defo. 2 mm
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Shallow     Pseudo-plug

Deep     Yield zone
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Hu et al., 2020, Nature Comms.



Bingham model

𝑛 = 1 Constant 𝜏&

����� Slumgullionz{
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𝜏 = 𝜏& + 𝐾 ̇𝛾'
The Herschel–Bulkley model

Hu et al., 2020, Nature Comms.
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𝜏 = 𝜏& + 𝐾 ̇𝛾'
The Herschel–Bulkley model

Bingham@A �*@A

𝑛 = 1 𝜏& = 0𝜏&�N
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Hu et al., 2020, Nature Comms.
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V = 1.33 × 107 m3

Hu et al., 2020, Nature Comms.

Head ToeNeck

����� Slumgullionz{



山体滑坡

粘塑性滑坡

水电站边坡

热融滑塌陷

地震震损地面沉降

地下水开采

削山造城

煤矿开采



���6��

2009.3����
2250 2340 m

�6��
2015.10: 2452 m

�K� �¡�

¢£�¤0.4 m/yr
�¥�¤0.7 m/yr

2015-2019

2015-2019

�������u�
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顶墙
Headwall扩张/后退方向

背景差异

o 青藏工程走廊遭受融沉冻胀、地基病变的危险

o 热喀斯特地貌: 热融滑塌

• 与背景光谱差异明显

• 沿着顶墙的方向后退

Lin, Hu*, et al., under review
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DeepLabv3+ Semantic Segmentation Model

o =¶·P¸�i·P¹º»¼�½$�·
P¸V¾¿��À�hi�Ái¸;Â

o Ã�ÄÅ´ÆÇÈÉÊËN¸Ì

Lin, Hu*, et al., under review
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Esri Imagery Google Earth

Snow Cloud Bare land Mound Sand dune

802 
positve 

examples

true 
positive 

examples

false 
positive

o ÍÎ½Ï

o ÐÑÒ

Lin, Hu*, et al., under review
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Negative 
example

Negative 
example

o ÓÔ� (300 m)

o ÕdÖ

o NO×Ø

l

Lin, Hu*, et al., under review
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IOU(A,B)=area(A∩B)/area(A∪B)  

TP       IOU > threshold

FP       IOU < threshold

Ground 
truth Prediction

2

2

(1+β ) Recall PrecisionF=
β ×Recall+Precision

´ ´

IOU
threshold 0 0.2 0. 0.6 0.8

Recall 0.934 0.918 0.880 0.836 0.685

Precision 0.820 0.805 0.773 0.733 0.601

F1 0.829 0.815 0.782 0.742 0.608

ÙÚM¸ÛÜ³$pÝÞM
ß àá/

678 Recall =  (TP)/(TP+FN)
9:8 Precision = (TP)/(TP+FP)

Lin, Hu*, et al., under review
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o S«¬­®¯ Domain adaption method

• âã Source domain (2019) 

• ÇÈã target domain (2020 | 2021 | 2022)

Lin, Hu*, et al., under review
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«U¬­®¯°

o 7° (Fine-tuning)

!�±j²³���´5*q³µw5%¶10%·20%�¸¹fº��»¼*q

o CycleGAN (Generative Adversarial Network)

½¾¿Ào�ÁÂP

o SBÃÄÅ DANN (Domain-Adversarial Training of Neural Networks)

Æ.�ÇD (Gradient reversal layer, GRL) +ÈÉÊ*

Lin, Hu*, et al., under review
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CycleGAN (Generative Adversarial Network)
o ;<=>?@A;<B(Generator )CDEB

(Discriminator)F<
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o GHIJKL,MNOPQRSTUVWXY

Lin, Hu*, et al., under review



Z[ Fine-tuning
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Lin, Hu*, et al., under review
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ã�ä¹º»¼ (Domain Adversarial NN)
o MNOP Tversky loss

o �=>��?@�MNOPaGH������

(Gradient reversal layer, GRL) �RS��xiBb�
��yC���Bb���-

o =�]^��Pg��� ¡¢�£¤�¥bPg¦Q
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Lin, Hu*, et al., under review
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F1��på�æ|¸×g
e.g., IOU threshold = 0.4

çèéêëâã
ìíîr

çèéê:ã !ï7Ò

Fine-tune 0.026~0.269 √ √ ðÜÇÈñÈò

CycleGAN 0.157~0.232 ó ó ôõ

DANN 0.173~0.259 √ √ ôõ

Lin, Hu*, et al., under review
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Lin, Hu*, et al., under review
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2019~2022ª&��+¸ö÷øù

o NÇ 803, 885
o �P 1,727, 2,329-. o ;/0å]^ÁM1-13.28 mm/a

Lin, Hu*, et al., under review

mm



山体滑坡

粘塑性滑坡

水电站边坡

热融滑塌陷

地震震损地面沉降

地下水开采

削山造城

煤矿开采



USGS

非承压

承压

一旦发生不可逆转的非弹性沉降，
地下含水层将失去其储水功能！
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Hu et al., JGR, 2018
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𝑑 𝑡
ℎ(𝑡)
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o Ú�Ò¶ÛÜ�Jw���ÝÒJÞß®à

1 m

1 m2

𝑑()!*)+( 𝑡 + 𝜏 − 𝑆×ℎ()!*)+((𝑡)

±²³´�µ�¶H�·�¸

Hu et al., JGR, 2018



á�DâãPÓ𝛼×��Ù* á�Dä.Óå×

0.0020 0.0668 305 1220 2.05e-10 1.43e-8m m2/N

o æç_SP�è�éê*

5³6�7N S = 𝑑 𝑡 /ℎ(𝑡)
8�5³6�7N 𝑆, = 𝑆/𝑏

𝑆,= 𝜌𝑔(𝛼 + 𝑛𝛽)

Hu et al., JGR, 2018
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o íîË|Pyz-.Óe.g.,ïË× Ë|P�ÝÒzÎ

~0.03-0.06 km3

Hu et al., EPSL, 2020
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Hu et al., EPSL, 2020

üút�i
10 km?u¬
-10@2 kPa

�#<600 m¬
-450@50 kPa

< 2 kPa

𝜟𝑰𝟐

Tectonic loading rate
ª/ABCD
13-19 kPa/yr
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~0.03-0.06 km3
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o 我国重要港口城市 (11,760 km2，>13 million 

population)

o 地下水超采严重，超采面积达9,440 km2，深层地下

水漏斗面积6,624 km2 ，地面沉降问题突出

¼½¾H¿ÀÁ

Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023



2014-2021地表形变:
InSAR与GPS地面沉降监测结果交叉验证o 有一万多平方公里的区域的累计形变超过10 cm

o 超过半米沉降区域包括武清区西南部和河北省东部

Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023
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o 南水北调中线一期工程2014年12月正式通水
o 2019年1月《华北地区地下水超采综合治理行动方案》

Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023
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2019-2021与2016-2018沉降速率差异

5 years’ change

o 2019年起天津市地面沉降显著缓解，超50 mm/yr的快速沉降区从2016-2018的440 km2缩至2019-
2021的280 km2，减幅达到36%，武清区北部、宁河区东部出现了回弹

南水北调和治理超采的政策成效显著

Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023
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Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023



PC1
第三含水层沉降

主成分分析 Principal Component Analysis
特征值和特征向量

PC4
季节性降水

PC3
含水层厚度

PC2
第二含水层沉降各主成分关联性

Yu,X., Wang,G.Q., Hu,X., et al., RS, 2023
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o 2012年4年起，10年打造78.5 km2延安新区

o 削山、填沟、造地、建城 ——地表手术

Hu et al., 2021, GRL
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+,-./01240 
mm/yr%&

2014-2020!"#$%&'()*+,-./0
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Hu et al., 2021, GRL
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Ascending results Descending results
1.28×108-m3 ²'{|

c³´µ

Targets

c³() (mm/yr)

¶·¸_¹º

Hu et al., 2021, GRL



o ��­õ
• ~600-kPa compressive stress (-) over the 

elongated gully fills 

• ~650-kPa tensile stress (+) over the hill cuts 

at sides. 

o ­õùúû.ü�zýh!þÿ!"�

Ò#$%&'(5 kPa
• ~600 kPa at surface

• ~100 kPa at 0.5-km depth

• ~30 kPa at 1-km depth

• ~10 kPa at 2-km depth

• ~5 kPa at 4-km depth

Â��YÃÄ�Å¶

Hu et al., 2021, GRL
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Z. Shi, X. Hu, C.-Y. Wang, 2020, J. Hydrology
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o Et 2/6/2023 Mw7.8

o Ft <12 h Mw7.6

o 44kGH!160kIJÉK

Yu, Hu*, et al., under review



Damage proxy (DP) Amplitude dispersion index 𝐷$ =
𝜎%
5𝑎

𝛾 =
𝐸 𝑠!𝑠"∗

𝐸 𝑠! " 𝐸 𝑠" "
−

𝐸 𝑠"𝑠$∗

𝐸 𝑠" " 𝐸 𝑠$ "

Sentinel-1哨兵⼀号 SAR影像

2023¨}ÈÉ-ÊËÌHyÍÎÏyÐÑÒ
Yu, Hu*, et al., under review



Normalized Differential Built-up Index (NDBI) 𝑁𝐷𝐵𝐼 =
𝑆𝑊𝐼𝑅 − 𝑁𝐼𝑅
𝑆𝑊𝐼𝑅 + 𝑁𝐼𝑅

Sentinel-2»¼½¾ ¿À��

Kahramanmaraş

2023¨}ÈÉ-ÊËÌHyÍÎÏyÐÑÒ
Yu, Hu*, et al., under review



Damage proxy (DP) | Amplitude dispersion index (ADI) | Normalized Differential Built-up Index (NDBI)

2023¨}ÈÉ-ÊËÌHyÍÎÏyÐÑÒ
Yu, Hu*, et al., under review



2023¨}ÈÉ-ÊËÌHyÍÎÏyÐÑÒ
Yu, Hu*, et al., under review



https://afetharitasi.org/

主震15天后，结果被土耳其政府组织采用
The Turkish earthquake information platform 
funded by AFET PLATFORMU (Disaster 
Platform) and Turkish Philanthropy Funds

2023¨}ÈÉ-ÊËÌHyÍÎÏyÐÑÒ
Yu, Hu*, et al., under review





地质灾害与浅表过程遥感课题组

@PKU

https://gsprs-pku.github.io/

hu.xie@pku.edu.cn

谢谢！


