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~300 transboundary river basins
shared by ~150 countries

~50% of the world’s land surface 
(McCracken and Wolf, 2019)

~60%  of the global river flow
(Wolf et al., 2005)

Transboundary River Basins

Image adapted from Atlas of International 

Freshwater Agreements, 2002, UNEP
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“ Transboundary river basins are river basins 

shared by two or more countries,

which supports the lives and livelihoods of vast 

numbers of people across the riparian countries. ”

“ To mitigate the likelihood of conflict as well as 

to resolve existing disputes, the international 

community has devised principles for 

international watercourse management. ”

“ Basin communities have

built their own treaties. “

“ The potential for conflict over shared 

water resources is real, so it is important 

that countries reach agreement. ”
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how the transboundary water should be used

infrastructure development and management

Natural power asymmetry between upstr. and downstr. countries

Environmental and socio-economic impacts in downstream areas

+
Different views on

Number of Agreements per Transboundary River Basin

Image adapted from Atlas of International 

Freshwater Agreements, 2002, UNEP



Dam Density per Transboundary River Basin

Image adapted from Atlas of International 

Freshwater Agreements, 2002, UNEP

Hydropower development in the transboundary river 

basins of Southeast Asia

Data source: Global Reservoir and Dam Database (GRanD)

Many existing and planned dams → downstream countries are increasingly 

dependent on upstream ones 

But there is no shared platform providing a detailed and complete accounting 

of the amount of water stored and released by large dams

Problem: No shared data  Solution: Satellite observationsProblem: No shared data  Solution: Satellite observations
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Water Surface Area    
(WSA) 

National Aeronautics and 

Space Administration, US

National Centre for 

Space Studies, France

European 

Space Agency

United States 

Geological Survey

Landsat MODIS Jason Envisat

Imagery Altimetry
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16 days
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Photos and Line Chart icons 
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→ Water Level
(WL)

2014-now

10,12,17 days

5, 10, 300 m

Sentinel
Operation Period
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2016-now (since Sentinel 3)

27 days
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Inferring reservoir storage variations,

filling strategies, and operating rules 

from satellite observations

Improving reliability of large-scale

hydrological models with 

satellite observations

Using satellite-derived data to 

support downstream countries 

in water resources management 
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Inferring reservoir storage variations,

filling strategies, and operating rules 

from satellite observations

Improving reliability of large-scale

hydrological models with 

satellite observations

Using satellite-derived data to 

support downstream countries 

in water resources management 

Satellite Observations Reveal Thirteen Years 

of Reservoir Filling Strategies, Operating 

Rules, and Hydrological Alterations 

in the Upper Mekong River Basin

Dung Trung Vu1, Thanh Duc Dang1,2, Stefano Galelli1, and Faisal Hossain3

Submitted to on 6 July 2021
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Problem Statement

10 large dams 

volume ≥ 100 MCM

(each)

Mekong River Basin (a) and its upper portion (the Lancang River Basin) 

and location of the hydropower dams on the mainstream (b)
Cascade reservoir system on the Lancang River

Data source: Do et al. (2020)

control ~40%
of the annual flow 

at Chiang Saen

total volume 

> 42000 MCM 

Water withheld in the dams Assessing real impacts of the dams  =  a challenging task

lack of data on reservoirs storage and operations

→ source of controversy

between China and downstream countries

the first the largest 

52%

35%
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Make use of all 

available Altimetry data

for validation purpose

Mekong Dam Monitor  Reservoir Assessment Tool

Sentinel (2014)

Mekong River

11 reservoirs in Lancang

Does not include the filling period 

of Nuozhadu and Xiaowan

Landsat (1984)

South America, Africa, and SEA

6 reservoirs in Lancang

Discontinuous data

due to cloud cover on images 

Landsat (1972)

Jason (2002) and Envisat (2002) 

2 dams in Lancang

Cloud cover and Altimetry availability

Assessment of the Impact of Reservoirs in the 

Upper Mekong River Using Satellite Radar 

Altimetry and Remote Sensing Imageries

Kuan-Ting Liu, Kuo-Hsin Tseng, C. K. Shum, Chian-Yi Liu, Chung-Yen 

Kuo, Ganming Liu,Yuanyuan Jia, and Kun Shang

2016, Volume 8, Issue 5, Pages 367, doi:  10.3390/rs8050367

Monitoring reservoir storage in South Asia 

from multisatellite remote sensing

Shuai Zhang, Huilin Gao, and Bibi S. Naz

2014, Volume 50, Issue 11, Pages 8927-8943, 

doi: 10.1002/2014wr015829

MODIS (1999)

ICESat (2003) 

South Asia

Only applicable for large reservoirs

low resolution images (250m) 

low density of Altimetry data (4/year)

Image enhancement algorithm  

Need continuous time-series data of (at least) monthly

storage of reservoirs (including small size and unusual 

shape ones) covering period 2009-current (at least)

Landsat

require an image enhancement process 

to remove cloud cover effect
→ +

Launched in 12/2020 Beta version
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https://www.stimson.org/project/mekong-dam-monitor/
https://depts.washington.edu/saswe/rat_beta/index.html
https://doi.org/10.3390/rs8050367
https://doi.org/10.1002/2014WR015829


Methodology

30 m 

SRTM DEM
(Shuttle Radar Topography Mission) 

Jet Propulsion Laboratory, NASA 

11 - 22 February 2000

Image adapted from 

Bathymetry & Lake 

Volume Estimation 

using R by Dewey 

Dunnington , 2019 Methodological framework

E - Water Level

A - Water Surface Area

S - Storage Volume 

Ai 

Vi 

WSA

Storage Volume

Methodological framework

E - Water Level

A - Water Surface Area

S - Storage Volume 

Ei – Ej-1 = 1 (for SRTM DEM) 

e.g.: i = 4, l = 1, Al-1 = 0 

Vi

Ai , Ei

Ai-1 , Ei-1

Ai 

Ei

Ai-1

Ei-1
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Code file Function Used Library

Py_Curve
Create the Water Level - Water Surface Area - Storage 

Volume curves of reservoirs from DEM

Py_Mask Create the expanded mask and zone mask of reservoirs
Open Source Geospatial Foundation

Py_WSA
Estimate reservoir water surface area from Landsat 

images

Data Availability & Code

Data Source

SRTM DEM

Landsat images

United States Geological Survey (USGS)

earthexplorer.usgs.gov/

Jason Altimetry data

Global Reservoirs and Lakes Monitor (G-REALM)

United States Department of Agriculture (USDA)

ipad.fas.usda.gov/cropexplorer/global_reservoir/

Daily discharge data

at Chiang Saen

Mekong River Commission (MRC)

portal.mrcmekong.org/

CHIRPS 2.0

precipitation data

University of California, Santa Barbara

data.chc.ucsb.edu/products/CHIRPS-2.0/

Input data 

Output data and Code are available at            .com/dtvu2205/210520
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https://earthexplorer.usgs.gov/
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Results
E-A, A-S, and E-S Curves

(a)                                                                  (b)                                                     (c) 

(d)                                                                  (b)                                                     (c) 

Reservoir's specifications archived from Do et al. (2020)
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Results
Reservoir Water Surface Area
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Results
Reservoir Storage Variation

Storage variation range of the whole reservoir system (constrained by dead and full storage volume) 

and the storage variation of Nuozhadu, Xiaowan, 8 other reservoirs, and all 10 reservoirs

total storage 

increases steadily

increases

steeply

system is filled the monsoon season and emptied thereafter

Cyclo-stationary

main drivers 

of the system

appear to maintain 

constant storage

do not seem to use 

the entire storage

used only 

~50% capacity
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~9900 MCM  ~12% of the 

average annual discharge 

at Chiang Saen

Results

Filling Strategies

Operation Curves

16

The fraction of inflow that 

is retained by the reservoir 

on a periodic basis



Results
Impacts of Reservoir Operations 

on the Discharge Downstream

(1990-2008) (2013-2020)

11200

6200

1000650

Hydrological Alteration Index

It = 
Δ𝑆

𝑡

Δ𝑆
𝑡
+ 𝑄𝑡

,   ΔSt = St – St-1

St : storage on day t

ΔSt : storage change between day t and t-1

Qt : observed discharge at downstream on day t

ΔSt + Qt ~  estimated natural flow discharge at ds

(+) 

storing

(-) 

releasing
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• Study produced a monthly storage TS for each of 10 large reservoirs in the Lancang River for 13 past years,

described the evolution of the dam cascade system, and highlighted the pivotal role of Xiaowan and Nuozhadu

• Operating rules

Filling strategies is important to prepare for future infrastructural changes (adaptation and emergency plans)

can be used when negotiating the filling of new dams (e.g.: the Grand Ethiopian dam)

• Reservoir operations 

Discussions and Conclusions

Address the asymmetric

relation between countries+
nearly real-time

storage monitoring

could be incorporated to hydrological model of downstream countries 

and benefit for Mekong’s wetland and delta downstream

could improve the existing large-scale hydrological models

which exclude reservoir operations or use generic operation schemes+
remote-sensed 

WL and WSA
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Improving reliability of large-scale

hydrological models with 

satellite observations

Using satellite-derived data to 

support downstream countries 

in water resources management 

WSAWL

Reservoir 

Operations

Hydrological Model

Improved Model

Evolutionary Algorithm

19



Distributed Models
Recognized the effects of spatial 

heterogeneity with spatially 

varying data (Tang et al., 2006)

Hydrological Model Evolution 

1960 2020

Conceptual Models
Simulate behaviors of natural systems 

through statistical relationship between 

rainfall and discharge

1980 1996

Large-scale 

Models
Wide-spread due to 

the need to manage 

sustainably large river 

basins and global 

environmental changes

2006

Large-scale Models 
with human-water interaction

especially reservoir operations 
since their absence affects model 

parameterization (Döll et al., 2008)

Availability and accessibility of 

reservoir management data 

are major problems

A generic inflow-and-demand-based 

release scheme is deployed, rather than 

its record of operation (Turner et al, 2020)

However, substantial errors in 

simulated releases are inevitable. 

Errors could compound over

time through storage memory.

Errors could propagate to

the reservoirs downstream.

Lack of measured discharge 

data for model calibration is 

still a remarkable problem
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A software package for the representation and 

optimization of water reservoir operations in 

the VIC hydrologic model

Thanh D. Dang, Dung T. Vu, AFM K. Chowdhury, and Stefano Galelli

2020, Volume.126, Pages 104673, doi: 10.1016/j.envsoft.2020.104673

Environmental Modelling & Software

On the representation of water reservoir storage 

and operations in large-scale hydrological models: 

Implications on model parameterization and 

climate change impact assessments

Thanh Duc Dang, A. F. M. Kamal Chowdhury, and Stefano Galelli

2020, Volume 24, Issue 1, Pages 397-416, 

doi: 10.5194/hess-24-397-2020

Hydrology and Earth System Sciences

VIC - Variable Infiltration Capacity 

Macroscale Hydrological Model 

originally developed by Xu Liang 

at the University of Washington

VIC
Reservoir 

Operation

Evolutionary Algorithm

(ε-NSGA-II)

Simulation-Optimization

VIC-Res

VIC-ResOpt

Comparison between observed and simulated monthly 

discharges at Jiuzhou station  

(with any without the presence of reservoirs) 

Can we further improve the reliability 

of large-scale hydrological models 

with the actual reservoir operations?

How to solve the problem of 

lack of measured discharge 

data for model calibration ?
+  Satellite observations
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XSECT Hydraulic Model    (Liu et al., 2015)

(XSECT = cross-section)

Manning's equation

Q = Across R2/3 S1/2 /n , R = Across/Pcross (1)

Q - Discharge 

Across - River Cross-section Area

R - Hydraulic Radius

Pcross - River Cross-section Perimeter

S - Water Surface Slope

n - Manning Coefficient of Riverbed Roughness 

(model parameter)

Q = a W f ,   Q = b D g
(2)      (Gleason & Smith, 2014)

W - Water Surface Width

D - Average Water Depth

a, b, f, g - Parameters

Q = e W j D k S l
(4)      (Bjerklie et al., 2003)

e, j, k, l - Parameters

Hydraulic Models

Q = c W h D i ,   Q = b D g
(3)      (Huang et al., 2020)

b, c, g, h, i - Parameters

Optimize errors Adjust Parameters

QSim

QRS

Hydraulic Model
(Hydraulic Parameters)

Upstream 

VIC-Res

Downstream                Outlet

Res.1 Operation Res.1 Storage

Calibrated 

Parameters

Yes                                             No

Res.3 Operation

Res.2 Operation

W, D, S 

(Huang et al., 2020)

(Dang et al., 2020)

(Soil Parameters)

VS1

Res.2 Storage

Res.3 Storage

VS2

(for each Virtual Station - VS)

b
y
 P

ro
b
le

m
 1

Simulated Discharge

Remote-Sensed Discharge

Across , Pcross

W

D

S
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Optimize errors Adjust Parameters

QSim

QRS

Hydraulic Model
(Hydraulic Parameters)

Upstream 

VIC-Res

Downstream                Outlet

Res.1 Operation Res.1 Storage

Calibrated 

Parameters

Yes                                             No

Res.3 Operation

Res.2 Operation

W, D, S 

(Huang et al., 2020)

(Dang et al., 2020)

(Soil Parameters)

VS1

Res.2 Storage

Res.3 Storage

VS2

(for each Virtual Station - VS)
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y 

P
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m
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Simulated Discharge

Remote-Sensed Discharge



Inferring reservoir storage variations,

filling strategies, and operating rules 

from satellite observations

Improving reliability of large-scale

hydrological models with 

satellite observations

Using satellite-derived data to 

support downstream countries 

in water resources management 

Reservoir 

Operations

Other

data
Numerical 

Framework

Improved Model

WSAWL
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improved by 

Problem 2

Objective functions Decision Variables Constraints

VIC-ResOpt

Socio-economic 

Efficiency 

Assessment

Environmental 

Impact Assessment

Maximize the benefits 

from production activities 

using water 

Minimize the damages 

from water-relevant 

disaster events 

Reservoir operating rule

Water supply for 

each user

Water availability 

from upstream

Requirement to maintain 

environmental flow 
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Sep 2018 
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Jul 2019
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Dec 2020
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Aug 2019 

Summer 
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Jul 2021

Submitted

1st Paper

Jul 2021 

Prelim Exam

Timeline
What I have done

Apr 2021 
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2 TAs

Aug 2020

Summer 
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Dec 2019 
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6 Courses

ESD Summer 
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Apr 2021
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AOGS  - Asia Oceania Geosciences Society

AGU - American Geophysical Union

EGU - European Geosciences Union
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May 2023

Complete 

3rd sub-topic

Jul 2023 

Final Exam

Timeline
What I plan to do

Jul 2021 

Prelim Exam

Sep 2023 

Deadline
Jun 2022

Complete 

2nd sub-topic

Spring 2022

Visit University

of Washington

Dec 2021

AGU

Conference

University of Washington

UW Hydro | Computational Hydrology group, Department of Civil and Environmental Engineering - VIC Model Developer

SASWE Research Group, Department of Civil and Environmental Engineering – Remote Sensing and Water Resources Management
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Example of International Water Agreement
Atlas of International Freshwater Agreements, 2002, UNEP
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Example of International Water Agreement
Atlas of International Freshwater Agreements, 2002, UNEP
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42 Articles 

…

Article 6. Maintenance of Flows on the 

Mainstream

To cooperate in the maintenance of the 

flows on the mainstream from diversions, 

storage releases, or other actions of a 

permanent nature; except in the cases of 

historically severe droughts and/or floods: 

A. Of not less than the acceptable 

minimum monthly natural flow during 

each month of the dry season;

…
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No Data

No Data

Mekong River Commission 



Satellite Imagery and Altimetry Data Collection 

Landsat orbit (views from above orbit plan and above satellite) and ground track
Images adapted from heavens-above.com

Janson ground track
Images adapted from the Use of Radar Altimeter Products by is the 

European Centre for Medium-Range Weather Forecasts (ECMWF), 2016

Landsat image tiles and their global coverage
Images adapted from United States Geological Survey (USGS)

Jason Altimetry is only available for the water bodies 

with > 350m width a long the satellite ground track

Images adapted from Markert et al. (2019)
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Landsat Image

Band
Wavelength
(micrometer)

Landsat 5, 7 Landsat 8

Blue 0.43 - 0.45 1 2

Green 0.45 - 0.51 2 3

Red 0.53 - 0.59 3 4

Near Infrared (NIR) 0.64 - 0.67 4 5

Quality Assessment BQA BQA

Index Formula Recommended Threshold Value

NDVI

(Normalized Difference 

Vegetation Index)

Red-Green

Red+Green

0 (Zhai et al., 2015) 

0.1 (Gao et al., 2012)

NDWI
(Normalized Difference 

Water Index)

Green-NIR

Green+NIR

0 (Zhai et al., 2015), 

0 (Bonnema & Hossain, 2017)

MNDWI
(Modified Normalized 

Difference Water Index)

Green-MIR

Green+MIR

0 and 0.1 

(Duan & Bastiaanssen, 2013)

indistinct mixed-up

(-) (-)

(+)

Using a single 

band for water 

classification

Using multiple

bands for water 

classification 

Wavelength and ID of some bands of Landsat 5, 7, and 8 images Spectral indices for water surface extraction

Reflectance of water, soil and vegetation in different wavelengths
Image adapted from Classification Algorithms and Methods, 

seos-project.eu/classification/classification-c01-p05.html
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Performance of 3 spectral indices in extracting the water surface area (Xiaowan Reservoir)

Maximum Water Extent by European 

Commission's Joint Research Centre 
(Pekel et al., 2016)
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WSA Estimation Algorithm Phase 1

All selected 

cloudless 

images

Water classification layerFrequency Map

Expanded Mask Zone Mask

Input for Phase 2
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WSA Estimation Algorithm Phase 2

Water Fraction 

pi = 
𝑛𝑖
𝑁𝑖

,  i = 1,…, 50 

Ni : number of pixels in zone i

ni : number of pixels classified 

as water in zone i

Output of Phase 1

Additional water 

zones = 3,4,5

+ =           

Water extent 

from step 2.3

Hidden water pixels 

due to cloud cover

Improved 

water layer 

5     4      3     2      1

Zone number
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Storage Variation of Individual Reservoirs 

in the Lancang River
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Fraction of inflow retained in reservoirs

40

Mass balance equation:

St = St-1 + θ Qt - Et

St - reservoir storage at time t

Qt - the inflow volume in the interval (t-1; t]

Et - the evaporation loss in the interval (t-1; t]

θ - parameter varying between 0 and 1 and 

expressing the fraction of inflow retained 

by the reservoir



Operation Curves of 8 Reservoirs 

in the Lancang River
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