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1. Introduction 
This document provides an overview of the functions that make up the DAMSAT (DAm Monitoring from 
SATellites) system, a monitoring system for water and tailings dams and other tailings deposit areas using 
satellite technologies. 

DAMSAT is partially funded by the UK Space Agency under the International Partnership Programme (IPP). 
The programme aims to use space solutions to make a positive and practical impact on the lives of those 
living in emerging and developing economies. IPP is funded by the Global Challenges Research Fund, a 
fund from the UK Government which supports cutting-edge research and innovation strengths to deliver 
sustainable economic or societal benefits to emerging and developing countries around the world.   

The development of DAMSAT is led by HR Wallingford with UK and Peruvian partners: Siemens, Telespazio 
Vega UK, Satellite Applications Catapult, Oxford Policy Management Limited, The Smith School of 
Enterprise and Environment, CIEMAM, Fundación Nacional de Ingeniería Hidráulica (National Foundation 
for Hydraulics) and School of Engineering of University of Cajamarca).  

Engagement was key to ensure the development of a system that meets the needs of stakeholders. A set of 
user requirements was developed at the beginning of the project and many meetings were hold with 
stakeholders to get their inputs in the different development stages of the system.  

DAMSAT consists of a number of separate modules. These modules use processed data to inform users of 
the state of each site  of interest, being  that a dam or a tailings deposit site. Additionally, DAMSAT has 
several services responsible for gathering and processing data to produce outputs that are used by the 
modules.  This report presents the general descriptions of the modules included in DAMSAT, what each 
does, how it does it, and what its outputs are.   

Users interact with DAMSAT through a Web browser interface. This uses a map to show an overview of the 
regions of interest and, in each region, the status of all sites of interest  – the different dams or tailings 
storage deposits – and allows users to investigate the detailed information available for each site. 

This guide doesn’t explain how to navigate the DAMSAT system. This is explained in the DAMSAT User’s 
guide provided alongside. 

2. Overview 
2.1. Purpose of the system 
DAMSAT focus on monitoring a number of sites of interest: 
 Water dams; 
 Tailings dams; 
 Tailings storage facilities. 

The main aim of this monitoring is to:  
 detect changes that may indicate possible instability or the future physical failure of the site; 
 detect potential leakages arising from the site; 
 forecast changes to the site that may arise from rainfall events; 
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 detect possible changes in the location of water in the ponds of the tailings dams; 
 indicate possible consequences of the failure of a site; 
 alert users to significant changes in the monitored parameters that may require action. 

The variables that DAMSAT monitors change as a result of environmental influences or human intervention.  
For example, seasonal changes in vegetation affect measurements of vegetation health, and maintenance of 
a dam may cause physical changes.  Where possible, DAMSAT accounts for expected variability and noise 
in the monitored data.  However, any alarms raised by DAMSAT are indicative only, their purpose being to 
direct the attention of users to events that need attention.   

Users are able to adjust some system parameters so that DAMSAT raises an acceptable and useful number 
of warnings.  Users will also gain experience using the system in order to determine how the outputs of 
DAMSAT relate to the actual conditions in the areas of interest. 

2.2. Brief description of modules 
DAMSAT consists of a number of separate modules, where each one is a functionally distinct component of 
the system. These are summarised in Table 2.1 and further explained in Chapter 4. 

DAMSAT uses a map to show an overview of the regions of interest and, in each region, shows the status of 
all sites of interest (the different dams or tailings storage deposits). When selecting a particular site, a new 
menu opens with the different available modules for that particular site allowing users to investigate the 
detailed information provided for that particular site. 

Table 2.1: DAMSAT Modules 
Module Description 
General information Site information is stored here such as the site name, location, including grid 

reference and a general description of the site. 

Warnings Warnings are triggered when the results provided by the Movement Detection, 
Leakage, Beach and Hydrometeorological forecast modules exceed a certain 
threshold, fixed by the DAMSAT user.  
Depending on the threshold values three levels are considered: No warning, 
Medium and High.  
Each warning contains information of when it was created and modified, the 
origin and reason of the warning and any other additional information required by 
the user. Warnings can be managed to lower or raise their level based on 
additional information or actions taken on the ground. 
Selected users can modify the threshold values, which are set for each different 
module and for each particular site. 

Visualisation Allows users to do visual inspection of sites by comparing a current image with 
previous images. The purpose is to assists users to detect possible changes in 
the areas of interest such as changes in populated areas or infrastructures.  
The images are obtained from the satellite Sentinel 2 (2A and 2B) and they are 
RGB images with 10 m spatial resolution. The images are updated 
approximately every 5 days. 
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Module Description 
Movement Detection Provides information about possible movements at the sites of interest and 

nearby areas. The information is obtained from 3 different sources: 
• Automatized InSAR analysis of Sentinel-1 imagery; 
• Supervised InSAR analysis of COSMO-SkyMed imagery; 
• GNSS (SUMMIT SHM) based motion monitoring system that provides up to 

millimetre-level accuracy in real time. 
The movement is presented as velocity maps in the line of sight of the satellite 
and as graphs of point movements for different areas at the dam. 
We are using the SUMMIT-SHM, Telespazio’s monitoring system based on 
GNSS technology that delivers 3D motion monitoring up to millimetre-level 
accuracy in real-time. The system is composed of two elements: the GNSS 
monitoring stations with a reference station, with Real-Time Kinematic 
processing that are installed on the points of interest, and the SUMMIT-SHM 
central processing unit. 

Leakage This module provides information about changes in two indicators, iron oxide 
and vegetation health, in areas downstream of the sites of interest. The analysis 
of the changes of these two indicators by the DAMSAT user can help to identify 
possible leakages or pollution incidents from the sites. 
The changes are estimated by analysing images from the Sentinel-2 Level 2A 
product. 

Hydrometeorological 
forecast 
 

This module presents the rainfall forecast for the site and, when applicable, the 
estimated water discharge and change in water levels in the ponds behind the 
dams. Updates of meteorological forecasts and subsequent estimations are 
produced every 6 hours. 
The rainfall forecasts are obtained from NOAA GFS (with 4 daily predictions up 
to 10 days) and ECMWF (4 daily predictions from ensemble models at higher 
spatial resolution 5 days into the future).  

Tailings beach 
module 

This module is only relevant for upstream and centreline raised tailings dams 
(not water dams nor tailings dams with downstream raising method). It analyses 
the minimum distance and area of the beach inside the tailings pond.  
In tailings dams, water is kept away from the dam crest and therefore, this 
module provides a useful monitoring of the evolution of the movements of water 
inside the pond. 

Risk module This module provides information to support the development of emergency 
plans, helping to improve the understanding of the risks downstream if a failure 
of the dam occurs.  
The results provided in this module are obtained from numerical modelling, 
which considers the simulation of the outflow from the water or tailings dam if 
there is a failure (the breaching of the structure), its spread downstream, and 
how it impacts people living in the area downstream. A suite of consequence 
related models is used to create these simulations. With this information, 
estimations of economic and environmental damages are also quantified.  
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All of these modules except the Risk module run regularly to update the state of the whole system.  The 
models that provide information to the Risk module are run during the development of DAMSAT for each 
particular site and the outputs are incorporated into DAMSAT. 

2.3. Pilot regions  
Release 5 of DAMSAT covers 14 pilot sites of interest in the region of Cajamarca, 15 in Pasco and 1 in 
Junín, all in Peru.  All sites are monitored using modules that rely entirely on satellite data.  Additionally, in 
sites where there are instruments installed such as the physical stability monitoring from GNSS sensors and 
several water related sensors, the relevant modules have additional sources of information. 

2.4. Data flow and components 
A summary of data flows for DAMSAT is shown in Figure 2.1.   

a. Data gathered from external sources and stored in the file system provides inputs that are analysed 
and processed.  

b. Outputs from the analytical services are stored in the file system. 
c. If anomalous conditions are detected from the file system (or data store) then warnings are 

generated. 
d. The warnings module allows management of current warnings and review of historic ones. 
e. The user interface presents a view of the system’s current state by drawing data from the live data 

store, user data store and warnings module. Historic data is displayed to provide a baseline against 
which the live data can be compared.  Warnings can be managed via the user interface. 

f. Authorised users interact with the system by navigating through the user interface.   
g. The results from running the consequence models relevant for the Risk module are added to the 

system during installation.   
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Figure 2.1: DAMSAT data flow summary 
 

High resolution InSAR data and the outputs from the GNSS sensors installed on site are collected and 
analysed by Telespazio using their computing facilities.  The outputs of the analyses are stored in the 
DAMSAT time series database. 
Siemens MindSphere IoT time series hosts high resolution data analysis. The Amazon Web Server hosts:  
 Images and low resolution data in a file system; 
 The running of the DAMSAT processes, excluding high resolution InSAR and GNSS analysis; 
 The running the DAMSAT web server; 
 Weather forecasts, optical images and low resolution InSAR data. 

Consequence models are run on HR Wallingford computers.  The results are stored in the file system.  The 
consequence models are run during the development of DAMSAT and are not part of the live system.  The 
outputs of these models are stored within DAMSAT and may be viewed by users at any time. 

The analytical processes run by the system are to: 
 interpret weather forecasts; 
 run the runoff and reservoir level forecasts; 
 run the leakage detection analysis; 
 run the beach detection analysis; 
 run the low resolution InSAR analysis; 
 run the virtual supervisor and warning services. 
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2.5. Technical Constraints 
Satellite data used by DAMSAT is subject to a range of technical constraints. Users should be aware of 
these when assessing the accuracy and availability of data.  Further details are provided in the detailed 
explanations of each module in Chapter 4.  Here, a summary is presented: 

2.5.1. Data availability frequency  

The required satellite data is available for a site at variable frequency, ranging for example from weekly to 
once every 3 months, depending on the source of information and the particular user needs.  In addition, 
there are various delays between the data being acquired from the satellite and the data provider releasing it 
for general use.   

2.5.2. Data quality and resolution 

The quality of some satellite images, particularly those using visible light, can be affected by atmospheric 
conditions such as cloud cover.  This can reduce the effective data availability frequency. 

The spatial and spectral resolution of satellite data varies depending on the source satellite and processing 
methods.  Free data tends to be of relatively low resolution while higher resolution data tends to be 
expensive.  For example, Sentinel-2 optical data are acquired as a number of “bands”, each band having a 
particular central wavelength, bandwidth and spatial resolution.  The visible red, green and blue bands, as 
well as the “wide” near infrared band have a spatial resolution of 10m but some bands between red and near 
infrared as well as short wave infrared bands, which are also used, have a spatial resolution of 20m and two 
bands only have a 60m resolution.  The spatial resolution that can be achieved therefore depends on which 
imaging bands are required for the analytical techniques being used. 

2.5.3. Data storage volumes 

The data stored by the system is divided into three main components: 
1. Data downloaded from external sources, such as satellite images and weather forecasts. 
2. Intermediate data produced by the analytical processes that are not visible through the web site. 
3. Results data from the analytical processes that are displayed on the web site. 

Downloaded and intermediate data are stored on relatively low cost AWS file storage with effectively 
unlimited capacity.  At present these data are not automatically purged by the system.  The leakage and low 
resolution InSAR processes require historical data to be retained. 

Results data displayed by the web site are stored on the Web Server’s main 20GB storage volume.  These 
data are automatically purged and should not exceed the capacity of this storage volume. 

3. DAMSAT user interface 
Users interact with DAMSAT through a Google Chrome Web browser interface built for desktop and laptop 
computers which provides:  
 A user login screen. Login credentials are given to the organisations involved. DAMSAT can be 

accessed by a single user or by a number of different users. 
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 A Map based overview showing the regions of interest and, in each region, the location and warning 
status of all sites of interest  being monitored by the application. 

 An application status indicator to show whether each DAMSAT module is running as expected. 
 Additional map layers including roads, rivers and catchment boundaries.  Other layers may be added 

according to user requirements and data availability such as environmentally protected areas. 

When selecting a particular site, a new menu opens with the different available modules for that particular 
site allowing users to investigate the detailed information provided. For each site the warning module is also 
available to allow users with appropriate rights to manage the sites warning status.   

Information in some of the modules, for example data from in-situ devices such as GNSS, is accessible only 
to some of the users depending on the access rights.  

The user interface is not designed for mobile devices.  

A DAMSAT user guide is also available explaining how to navigate the system. 

4. DAMSAT Modules 
This chapter describes in detail each module of the DAMSAT system. For each module, a description is 
provided with details of the frequency of information updates, how data is processed, the outputs generated 
by the module and some additional information about limitations of the data used. 

4.1. Visualisation module 

4.1.1. Description 

The Visualisation module provides visible-light satellite images covering each site allowing users to manually 
compare pairs of images to detect relevant changes that occur within an area of interest around a site. This 
module does not contribute to the automatic warning process or site status indicators. 

The images displayed are from Sentinel-2 with a 10m resolution. The Sentinel-2 images are free and 
available to all users.  Images from other sources could also be included.  

DAMSAT allows multiple images to be used to cover sites from large discontinuous areas. 

4.1.2. Update frequency 

DAMSAT updates this module every time a new image is available and it does that automatically. 

The Sentinel-2 satellite mission is made up of two satellites, each with a revisit time of 10 days.  With images 
from both satellites a new image is available every 5 days. 

Poor atmospheric conditions, particularly cloud cover, result in some images being unusable, resulting in a 
lower effective update frequency. 

4.1.3. Data processing 

DAMSAT harvest the satellite images from the data providers and process them. Processing of the images 
consists of: 
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 Clipping to the bounds of the study area; 
 Combining satellite image colour bands to produce a single RGB image; 
 Calculating cloud cover. 

Although cloud cover is calculated by the data provider, this is for the complete area of each satellite image. 
DAMSAT uses clipped images therefore it calculates cloud cover for the area being used.  

4.1.4. Output 

Visible-light colour images covering the study regions with an estimate of cloud cover provided for each 
image are provided.   

4.1.5. User interface and access 

Users access the current EO image for a site by selecting the site from the user interface and clicking on the 
Visualisation icon. The tool displays pairs of images side by side with synchronised zoom and pan to allow 
user to identify possible changes between images. 

4.1.6. Data Retention 

The retention period for the images is one year. 

4.1.7. Limitations 

 The resolution of Sentinel-2 images may be insufficient for detecting some important physical changes, 
such as the erosion of dam slopes. 

 Storage costs limit the number of images that can be retained. 

4.2. Movement detection module 

4.2.1. Description 

Data from three different sources could be provided to measure ground displacement at different spatial and 
temporal resolutions as well as different precision: 
 Low-resolution automated InSAR data from Sentinel-1; 
 High-resolution supervised InSAR analysis based on COSMO-SkyMed (CSK) satellite images; density of 

data can be of up to tens of thousands points per km2; 
 High-resolution GNSS providing 3D spatial displacement data at 2 points at each of the 2 selected sites 

using the Telespazio SUMMIT-SHM monitoring system. 

Displacement data is used to generate warnings when thresholds are exceeded. 

About InSAR 

Synthetic Aperture Radar (SAR) is a microwave imaging system. SAR satellites emit microwave radiation 
directed at the Earth and measure what bounces back. SAR has cloud penetrating capabilities because of 
the microwave wavelength; it has day and night operational capabilities because it is an active system and 
does not require the target to be illuminated by the sun. 
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Interferometric SAR (InSAR) involves combining two or more SAR observations, and allows accurate 
measurements of variations in the microwave radiation travel path over time. When combined with other 
information, such as the satellite position, InSAR can be used to measure surface deformations of the 
terrain. The fundamental principle of this technique is that the phase difference between two SAR images 
acquired at different times and with slightly different view angles is related to the topography of the observed 
scene as well as to its terrain displacements. The interferometric technique is able to measure the projection 
of the displacement along the line of sight (LOS) of the sensor. The line of sight direction in general can be 
decomposed into three components: northward, eastward and vertical. 

Automated InSAR in DAMSAT uses data acquired by the Sentinel-1 satellites, which are operated by the 
European Space Agency (ESA) as part of the Copernicus Programme. The Sentinel-1 programme is well 
suited for InSAR-based monitoring applications because its data are free-of-charge, easily-available, 
regularly acquired, and of consistent quality. There is already an archive of Sentinel-1 data that begins in 
2014 and, with two satellites currently in operation, each with a design lifetime of 7 years, and two more 
satellites in development, there should be continuous data availability for many years into the future. The 
Sentinel-1 satellites were designed with InSAR applications in mind, and as such have capabilities (such as 
orbital control) that make them particularly suitable for InSAR applications as well as general SAR 
applications. 

When operating in its usual mode over land, Sentinel-1 has a horizontal resolution of 5x20 m, and operates 
in the C-band, with a wavelength of approximately 5.5 cm. 

Each Sentinel-1 acquisition has a large coverage area: the swath width is 250 km (this is the width in the 
approximately east-west direction), and swath lengths are much greater than that. In DAMSAT the image is 
heavily cropped in order to reduce processing time and data storage requirements. 

About SUMMIT-SHM 

The SUMMIT-SHM is a Telespazio’s monitoring system based on GNSS technology that delivers 3D motion 
monitoring up to millimetre-level accuracy in real-time. The system is composed of two elements: the GNSS 
monitoring stations with a reference station, with Real-Time Kinematic processing that are installed on the 
points of interest, and the SUMMIT-SHM central processing unit. 

4.2.2. Update frequency 

DAMSAT updates the information shown in the module every time there is new data. The update frequency 
of the various data sources is provided in Table 4.1. 

Table 4.1: Update frequencies for data source 
Data source Update Frequency 
Low resolution InSAR New data is available every 12 days but processing each image is delayed by 

one more day due to the orbital data release schedule. 
The processing of the image is automated in DAMSAT and therefore there is no 
need of human intervention. 

High resolution InSAR Quarterly: 4 updates per year during the project duration; on demand 
afterwards. 
The high-resolution InSAR is processed through a supervised analysis 
therefore, it requires manual intervention to obtain the outputs. Various 
frequencies can be offered by the provider of this type of analysis. In the 



 

 

 
DAMSAT - Dam Monitoring from Satellites 

Technical Specification 

MCS1262-RT007-R01-00 10 

Data source Update Frequency 
context of the project the analysis is done by E-GEOS, member of Telespazio’s 
group. 

GNSS The in-situ devices are measuring continuously and the update frequency is 5 
minutes.  

 

4.2.3. Data processing 

Low resolution InSAR 

DAMSAT directly processes Sentinel-1 InSAR data to generate ground displacement measurements for all 
the sites with enough available data.   

Time series (or multi-temporal) processing methods are the methods of choice for most modern InSAR 
applications. The time series class of methods all exploit the volume of data available from repeated imaging 
of the same location in an attempt to separate the component of the signal caused by ground displacement 
from other undesirable components,  such as the ones due to errors in the digital elevation model or 
variations in the atmosphere over time.  

Although time series methods greatly aid in separating the components of the signal, there are still some 
components, especially the atmospheric components, that are difficult to separate from the ground 
displacement component. Therefore the results of time series InSAR still do not give perfect measurements 
of ground displacement. 

DAMSAT uses a variant of the persistent scatterer (PS) method to do time series processing. Persistent 
scatterer methods attempt to identify pixels that give consistent, accurate signals and to discard all other 
pixels. PS pixels often include buildings or solid rocks. 

The chosen software combination in DAMSAT analysis is SNAP (Sentinel Application Platform) and StaMPS 
(Stanford Method for Persistent Scatterers).  

SNAP is an application that is developed on behalf of ESA, primarily to help end-users to process data from 
the Sentinel missions. It can be run using a graphical user interface (GUI), via the command line in linux, or 
using a python module. In DAMSAT, the linux command line is used. SNAP is used for the first half of the 
DAMSAT InSAR processing chain. This section of processing takes the Level-1C Sentinel files that have 
been downloaded as well as several auxiliary input files, and outputs stacks of coregistered single look 
complex (SLC) scenes and interferograms that are ready for processing in StaMPS. SNAP is also used to 
aid selection of the master date and to make shadow and layover masks. 

StaMPS is a software package that implements an InSAR persistent scatterer algorithm (Hooper, 2012). It is 
developed by academics and was designed to be applied to areas that have few man-made structures 
and/or are undergoing non-steady deformation such as volcanoes. StaMPS is primarily based on Matlab, but 
also uses some Linux shell scripts and requires the SNAPHU software package. In DAMSAT StaMPS is 
used to process stacks of SLCs and interferograms into a PS time series. 

High resolution InSAR 

Processing of the high resolution COSMO-SkyMed satellite imagery for DAMSAT is conducted by E-GEOS, 
part of Telespazio’s group, on their servers.  For each site being monitored, displacement data is generated 
for number of points that can be tracked. These points are defined by an analysis that is updated each 
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quarter. The InSAR analysis performed by E-GEOS is also based on persistent scatterer algorithms. In 
particular it uses PSP-IFSAR technology, a particular approach to the PS analysis. 

DAMSAT collects the results of displacement data from the Telespazio servers and stores them in the file 
system. 

GNSS 

Processing of the GNSS is conducted by Telespazio on their servers. For each of the two sites being 
monitored by GNSS instruments, the displacement data are generated for two monitoring points.   

DAMSAT collects the displacement data from the Telespazio servers and store them in the MindSphere time 
series database. 

4.2.4. Output 

Low and high resolution InSAR  

The available information from this sources is, for each analysed site: 
 Position: the measured ground position (cartographic or geographic coordinates and heights, expressed 

in m w.r.t. WGS84 ellipsoid). The high resolution InSAR has  a horizontal relative error (standard 
deviation) of 2 m in East -West direction and 1.5 m in North – South direction, and a vertical relative error 
(standard deviation) of 1.5 m. 

 Mean velocity: during the period between the first and the last SAR acquisition dates, expressed in 
mm/year. 

 Displacement temporal evolution: the measured displacement, expressed in mm, at each acquisition 
date in the analysed period. 

The mean velocity and displacement measurements refer to the component of the displacement along the 
line of sight of the sensor. 

A warning is generated if potentially significant movement is detected.  The level of movement that is 
considered to be significant is separately configurable for each site at the Warning Module. 

GNSS 

Absolute 3D movement relative to a datum (e.g. latitude, longitude, height) and displacement of each point 
being tracked, typically every 5 minutes (configurable).  

A warning is generated if potentially significant movement is detected.  The level of movement that is 
considered to be significant is separately configurable for each site at the Warning Module. 

4.2.5. User interface and access 

Users access the displacement data for a site by selecting the site from the user interface and clicking on the 
icon representing the Displacement Module. 

Tracked points are displayed on an aerial image, coloured according to velocity categories. Those maps are 
presented for two temporal periods: a short one, of approximately two months and a longer one of 
approximately one year. 

Users are also able to select a site, or in the case of large sites, a particular area to visualise time series 
charts of displacement or velocity of all the points included in the selected area. 
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Low resolution InSAR monitoring outputs are based on freely available data and therefore are available to all 
users for all sites where this technique is applicable.  

Access to high resolution satellite data is available to all users for the duration of the project.  After this, 
continued availability of the high resolution data depends on the commercial arrangements made to keep 
DAMSAT running. 

Access to GNSS data is only available to the site owners. 

4.2.6. Limitations 

Low resolution InSAR 
 Although the velocity estimates for a patch of PS points are relatively consistent when minor changes are 

made to the processing algorithm, the displacement time series of individual points may be noisy. The 
user should account for this to avoid too much confidence being placed in results that have high 
uncertainty.  

 North-South displacement cannot be detected. Displacement is only measured along the line of sight of 
the sensor.  

 The analysis is limited to points with suitable persistent scatter characteristics. 
 Monitoring is not possible if construction at tailings dams or ground disturbance takes place. 
 One year must pass before monitoring can resume after any construction or ground disturbance. This is 

because of the need to base the analysis on at least 30 past images, in this case, after the disturbance 
has taken place.  

 The  lack of measurements of historical tailings dam failures presents a challenge for the calibration and 
validation of an automated warning system as the one developed in DAMSAT. It is unknown what 
fraction of dam failures are preceded by any kind of precursory displacement nor the magnitude, 
timespan, or acceleration pattern any such precursors would have. Given that Sentinel-1 observations 
are only made every 12 days on each track, and given that more than one observation will likely be 
needed to confirm a change in velocity, any precursor would need to begin to be measurable at least a 
month before failure in order for it to be detectable. 

 It may be difficult to identify and accurately locate significant movements using low resolution data. 

High resolution InSAR 

All the limitations described for InSAR low resolution apply to high resolution except the last one. In addition, 
some of the limitations of this data are: 
 The data is relatively expensive; 
 Updates available depending on the agreement reached with the provider. 

GNSS SUMMIT-SHM equipment 

Some of the limitations of in-situ GNSS equipment are: 
 It requires installation of hardware on site and therefore, permission from the owners of the site; 
 It requires an energy source nearby and an internet connection; 
 Spatial coverage is limited to the points where the sensors are installed; 
 The hardware requires repositioning and possibly recalibration if it is moved, for example after the crest 

level of a dam is raised; 
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 It is subject to loss of energy and internet connection, damage or theft of on-site hardware; 
 The equipment and installation costs are high. 

4.3. Leakage module 

4.3.1. Description 

This module provides information about changes in two indicators, iron oxide and vegetation health 
represented by the normalized difference vegetation index (NDVI), in areas downstream of the sites of 
interest. The analysis of the changes of these two indicators by the DAMSAT user can help to identify 
possible leakages or pollution incidents from the sites. 

The changes are estimated analysing images from the Sentinel-2 Level 2A product. 

4.3.2. Update frequency 

DAMSAT updates the service every time a new image becomes available. 

There are two Sentinel-2 satellites, each with a revisit time of 10 days.  By using images from both satellites 
a new image is available every 5 days. 

4.3.3. Data processing 

DAMSAT directly processes the images to produce the outputs. The change detection algorithm is based on 
a comparison of the image for the selected date with at most three co-registered previous images 
(comparison images), where all images satisfy a cloud condition criterion (i.e. less than 75% of the image is 
covered by clouds). The analysis is performed in an area downstream the dam or tailings deposit highlighted 
with a polygon.  

For detection of vegetation health, NDVI factor, there is an additional criterion of the maximum time span 
between the analysed and the comparison image of three months. This is to prevent change detection being 
triggered by seasonal change in vegetal cover. The reason for using three comparison images rather than 
just one is to reduce falsely detecting pollution incidents that can be caused by ground or atmospheric 
changes that have a similar character to that of the target species.   

For all images, an index corresponding to the targeted vegetation species is first calculated. For vegetation, 
this is as follows: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
(𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑁𝑁𝑅𝑅𝑁𝑁)
(𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑁𝑁𝑅𝑅𝑁𝑁)

 

Where: 
 NIR is the reflectance in the near infrared band (Band 08 of Sentinel-2); 
 RED is the reflectance in the red band (Band 04).   

For iron oxide, the respective intensity is the correlation coefficient between the observed spectrum and 
spectra of the iron oxide signatures reported in the literature (Seifi et al. 2019), as well as those sampled 
from the Brumadinho  tailings dam failure.  

For all pixels that are not covered by clouds, the difference in the parameter value between the selected 
image and each of the comparison images is computed to obtain a scalar (grey scale) difference image (one 
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for each comparison image). The next step is to run the principal component analysis on this difference 
image in order to extract the pixels where the probability of change exceeds a pre-determined threshold. If 
the probability for the same pixel exceeds the threshold in at least two comparisons (or one if the pixel is 
covered by clouds) then the algorithm raises a warning with respect to that where the changes in NDVI or in 
the presence of iron oxide have occurred.  Changes in these variables are likely to be “non-natural” if they 
have an artificial shape and are local in scale. 

4.3.4. Output 

The output is a map with pixels highlighted in red showing the changes detected through the comparison 
with three previous images described above. Changes are shown inside a pre-defined polygon in an area 
downstream of the dam or tailings deposit.  

If the user selects the option to obtain more detailed information, the three one-to-one comparison maps are 
also shown highlighting in yellow where changes have been detected between two images. It is the 
combination of information from these three maps highlighted in yellow that is used to create the summary 
image with changes highlighted in red.  

4.3.5. User interface and access  

Users access the leakage information for a site by selecting the site from the user interface and clicking on 
the icon representing the Leakage Module. 

A time series of maps with the detected pixels in the pre-defined polygon area is provided. Where changes 
have been detected between images, a symbol is shown nearby the date shown in the drop-down menu. 

4.3.6. Limitations 

 The effective update frequency is reduced when poor atmospheric conditions render images unusable. 
 If the size of a leakage trace is small compared to the image resolution, the change cannot be detected. 
 Iron oxide is a good indicator of  acid mine drainage. Acidity is associated with tailings proceeding from 

many commonly mined minerals such as gold, copper and iron, but does not occur with all tailings types. 
In the latter case, iron oxide method cannot detect spills. 

 Some natural grounds in mining region are high in iron oxide as well as some other surfaces exhibit 
spectral signatures similar to that of iron oxide. This may confuse the method. 

 Missing clouds on comparison images may trigger change detection. As clouds are grey and bare natural 
ground is more similar to iron oxide, a change from cloud to bare ground the method may confuse this an 
increase in iron oxide. 

 When a pixel is in shadow in one (e.g. comparison) but not the other (e.g. reference) scene, the method 
may also produce false positives. 

 For NDVI method, deterioration of vegetation can occur to various reasons not limited to a leakage 
incidents. 

 The method was tested on a very limited number of known spill cases. 
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4.4. Hydrometeorological forecast module 

4.4.1. Description 

This module provides a forecast of the potential hazards from rainfall events at a site.  The following 
forecasts are produced: 
 Rainfall forecast, based on numerical meteorological forecast produced by well-known meteorological 

institutions. 
 Flow into the site of interest from the upstream catchment, based on rainfall-runoff modelling.  
 Flow into the pond or reservoir, based on the estimation of the flow from the upstream catchment and the 

amount that may be intercepted by drainage channels around the site, if they exist. This is normally the 
case around tailings dams and tailings deposits, not in the case of water dams. 

 For water and tailings dams only, change in the reservoir and pond’s water level based on a reservoir 
storage model. 

4.4.2. Update frequency 

The rainfall forecasts are updated 4 times a day, approximately every 6 hours. 

4.4.3. Data processing 

DAMSAT downloads the meteorological forecast from two external providers: the US National Oceanic and 
Atmospheric Administration (NOAA) and the European Centre for Medium-Range Weather Forecasts 
(ECMWF). It then runs the rainfall-runoff and reservoir storage models to produce the outputs described. 

Processing sequence  

The order of the model processes and inputs and outputs of models are shown in Figure 4.1. 
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Figure 4.1: Forecast process diagram 
 

Meteorological forecast data 

Weather forecast data are obtained from two sources: 
 The Global Forecast System (GFS) from the National Oceanic and Atmospheric Administration (NOAA) 

with 4 daily predictions for up to 10 days in future, minimum spatial resolution of 0.25º (equivalent to 
about 30km in Peru) and at time interval of 1 hour;  

 The Ensemble data from the European Centre for Medium-Range Weather Forecasts (ECMWF) with  
4 daily predictions at high spatial resolution (9 km) 6 days into the future and 2 daily predictions up to  
10 days. 

The meteorological forecast files are retrieved, data extracted for the relevant parameters and processed to 
produce time series with a consistent interval of 1 hour. The following figure shows the process. 

Numerical weather forecast

Rainfall-Runoff 
Model

Reservoir Model

Rainfall, temperature

Flow from catchment in to reservoir

Reservoir water level
Overspill rate
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Figure 4.2: Download and processing of the GFS data 
 

Rainfall-runoff model 

This produces a forecast of the flow that is produced from the predicted rain falling on the catchment that 
drains to each site. 

In DAMSAT a rainfall-runoff model based on the Probability Distribution Model (PDM) is used. This is a 
conceptual model that estimates the response of the catchment to rainfall input by transforming rainfall and 
evaporation into flow at the catchment outlet. 

Reservoir model 

This model is based on the mass conservation equation and produces a forecast of the water level in the 
reservoir or pond given the forecast inflow from the rainfall-runoff model, any controlled released from the 
reservoir, spill over the dam crest (if this information is available for the particular dam) and evaporation from 
the water surface.  The model also forecasts the flow rate over the crest of the dam should the water level 
exceed the crest level. 

The reservoir model is only applied at water and tailings dams. Tailings deposits do not have a reservoir or 
pond behind the structure. 

4.4.4. Output 

The forecast system produces the following outputs up to 10 days in to the future for GFS-NOAA data and 6 
days for ECMWF data: 
 Forecasted precipitation in mm/h at 4 hours intervals. 
 Forecasted catchment flow into the site as m3/s at 4 hours intervals. 
 Forecasted flow in to the reservoir of pond of the site as m3/s at 4 hours intervals at the sites classified as 

water or tailings dams. 
 Forecasted reservoir variations of water levels in meters at 4 hours intervals at the sites classified as 

water or tailings dams. 
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4.4.5. User interface and access 

Users access the forecast data for a site interest by selecting the site from the user interface and clicking on 
an icon of the Hydrometeorological module. 

Up to four charts are displayed to show rainfall, runoff, runoff into the pond and change in reservoir level for 
10 days into the future at two hour intervals. 

The user can select to see the forecasts produced either by NOAA GFS or ECMWF. 

NOAA GFS forecasts are available without a licence fee, therefore access to the forecasts produced using 
NOAA GFS are available to all users. ECMWF forecasts are licensed, therefore access to forecasts 
produced using ECMWF are only available to all during the duration of the project, following which they may 
be limited to users who are willing to pay to use the system. 

4.4.6. Limitations 

Neither weather forecasts nor hydrological forecasts are direct observations but model predictions that have 
their own limitations in terms of representing the physical processes they intend to simulate. The accuracy is 
site dependent and while these models often provide reasonably accurate predictions, there are times when 
their predictions are false. 

The spatial resolution provided by the meteorological forecasts would not be able to cover local variations in 
rainfall intensity in a mountainous relief such as in the pilot sites in Peru. 

Hydrological models use pre-determined parameters some of which depend on land cover. The model does 
not take into account any changes in surface cover after the model has been setup. If such changes have 
occurred, which may be the case in mining areas, the model has to be set up again manually. 

Calibration for high flow events was not possible. Rainfall data for calibration was available at 1 hour interval 
at one station in the Cerro de Pasco region while river level data at one station in the Huallaga catchment 
(the river flowing north) was available at four hours interval during daylight hours. This interval is suitable for 
long term response but too long for individual high flow events. In the Cajamarca region, some data were 
available from the south of the Llaucano catchment to which both rivers (Hualgayoc and Rio Tingo) flow. 
While the rainfall was available in 15 min to 1 hour intervals, river levels were only available once per week, 
which, as in the Pasco region, is only sufficient for calibration of slow response baseflow but not for high flow 
events. 

4.5. Tailings beach module 

4.5.1. Description 

This module provides information about the extent of beach in active tailings storage facilities (TSF) that are 
raised by upstream or centreline method. Part of the surface of an active storage facility is ponded (covered 
by surface water) while the rest is not. The area between the pond and the points of where tailings are 
released around the TSF perimeter is called beach. In particular near the tailings dam, beach must be 
constantly maintained to ensure good deposition and compaction rates which are important for raising dams 
in centreline and upstream direction. It is also important to keep water away from embankments to keep the 
phreatic levels and subsurface drainage through the embankments low and thus increase their physical 
stability.  
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The module detects the water surface based on the value of the normalised water difference index (NDWI). 
The NDWI is computed from the Sentinel-2 Level 2A product. 

4.5.2. Update frequency 

DAMSAT updates the service every time a new image becomes available, which when both satellites 
(Sentinel-2A and Sentinel-2B) are operational, is every five days. 

4.5.3. Data processing 

DAMSAT directly processes the images to produce the outputs. Processing takes place inside a pre-
determined polygon corresponding to the area of the selected TSF where tailings are deposited. For the 
scene corresponding to the selected date, water pixels are determined by computing the value of the 
normalised differential water index NDWI: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
(𝐺𝐺𝑁𝑁𝑅𝑅𝑅𝑅𝑁𝑁 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝐺𝐺𝑁𝑁𝑅𝑅𝑅𝑅𝑁𝑁 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 

Where: 
 GREEN is the reflectance in the green band (Band 03);   
 NIR is the reflectance in the near infrared band (Band 08 of Sentinel-2). 

The threshold to separate water from non-water pixels is between 0 and 0.2 and is determined for each 
scene individually following the minimum frequency procedure (Vasquez 2019). 

A cloud mask is then applied to filter out cloudy pixels. 

All the remaining pixels inside the TSF polygon that are classified neither as water nor as cloud are classified 
as beach. 

Minimum distance from the dam crest, defined when setting up the DAMSAT system, and the water area is 
calculated. 

The percentage of pixels detected as beach, water and clouds in the area of the pond is shown to provide an 
understanding of the area of beach available at the site.   

4.5.4. Output 

For each scene, there are three outputs of Beach module: 
 A map with pixels classified as water inside the pre-defined polygon representing the TSF area where 

tailings deposit; 
 percentage of beach, cloud cover and surface water in the polygon; 
 the minimum beach distance, which is the minimum distance between any water pixel inside the TSF 

and the crest line, which is also pre-defined.  

4.5.5. User interface and access  

Users access the beach information for a TSF by selecting the site from the user interface and clicking on 
the icon representing the Beach Module. 



 

 

 
DAMSAT - Dam Monitoring from Satellites 

Technical Specification 

MCS1262-RT007-R01-00 20 

A time series of results showing the percentages of water, cloud and beach for all analysed scenes is 
provided. For a selected date, a map with a blue overlay showing the detected water is shown, as well as the 
line between the crest and the nearest water pixel is displayed.  

The outputs produced from freely available data like Sentinel-2 are available to all users.  

4.5.6. Limitations 

Detection is affected by cloud cover.  

For small TSFs, some error may be introduced due to resolution (10m for Sentinel-2). 

The method for detecting water pixels was extensively calibrated and tested on a particular site, Cerro 
Corona TSF in Cajamarca, and found to perform well, however information on its performance on other sites 
is limited. 

4.6. Warnings module 

4.6.1. Description 

Warnings are triggered when the results provided by the Movement Detection, Leakage, 
Hydrometeorological forecast or Tailings beach modules exceed a certain threshold, fixed by the DAMSAT 
user. These thresholds are defined by selected users in the Settings option of this module. They are set for 
each different parameter shown in the module and for each particular site.  

Each warning contains information of when it was created and modified, the origin and reason of the warning 
and any other additional information required by the user. Warnings can be managed to lower or raise their 
level based on additional information or actions taken on the ground. Warnings can be managed by selected 
users. 

The warning status is shown with a “traffic light” system at the icon representing the site in the general map 
interface. There are three possible states: 
 No warning: the icon of the site is represented in white; no problems detected for the site, no actions 

needed. 
 Medium: the icon of the site is represented in yellow; possible issues of concern detected for the site, 

further investigation is required. 
 High: the icon of the site is represented in red; potentially serious problems detected for the site, further 

investigations should be taken to resolve the problem. 

4.6.2. Update frequency 

The status of each site is updated with a frequency that matches or exceeds the most frequently updated 
module providing inputs to this one. 

4.6.3. Data processing 

The warnings module reads the outputs from the following modules: 
 Movement detection; 
 Leakage; 
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 Hydrometeorological forecast; 
 Tailings beach. 

and compares selected output parameters with the threshold values defined by the user for each site. The 
parameters are defined in the following table.  

Table 4.2: Threshold values used for each module 
Module Medium warning High warning 
Movement detection (LowRes 
InSAR, HiRes InSAR or GNSS) 

When the movement of any point 
is greater than a certain value, for 
example 40 mm. 

When the movement of any point 
is greater than a certain value, for 
example 60 mm. 

Leakage (iron oxide or 
Vegetation) 

When there is at least one pixel 
where change has been 
detected.  

When there are at least 10 pixels 
where change has been 
detected. 

Hydrometeorological forecast 
(precipitation) 

When the forecasted amount of 
rainfall in 1, 6 or 24h  is greater 
than the specified value. 

When the forecasted amount of 
rainfall in 1, 6 or 24h  is greater 
than the specified value. 

Hydrometeorological forecast 
(inflow) 

When the forecasted inflow into 
the reservoir is greater than a 
certain level, for example  
0.5 m3/s. 

When the forecasted inflow into 
the reservoir is greater than a 
certain level, for example 1 m3/s. 

Hydrometeorological forecast 
(level) 

When the predicted level change 
in the reservoir is greater than a 
certain level, for example 1 m. 

When the predicted level change 
in the reservoir is greater than a 
certain level, for example 2 m. 

Tailings beach (distance) When the minimum tailings 
beach distance is less than a 
certain value, for example 100 m. 

When the minimum tailings beach 
distance is less than a certain 
value, for example 50 m. 

Tailings beach (area) When the water surface covers 
more than a certain percentage 
of the TSF, for example 80%. 

When the water surface covers 
more than a certain percentage of 
the TSF, for example 90%. 

 

When a significant event is detected: 
 A warning is raised for the event; 
 The warning status of the affected site is updated and displayed on the map interface; 
 Privileged users can update the status of a warning; 
 Privileged users can dismiss a warning if it is of no concern or if action has been taken to resolve the 

problem; 
 An audit log of all changes made to a warning is recorded; 
 A history of all dismissed warnings is maintained. 

4.6.4. Output 

 An overall warning status for each site; 
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 A list of currently active warnings for each site; 
 A breakdown for each elevated status showing the cause of the warning; 
 A warning audit log; 
 A warning history. 

4.6.5. User interface and access 

 The warning status of each site is shown on the user interface map overview using a coloured icon.   
 All users are able to investigate the cause of a particular warning status by displaying a list of 

outstanding warnings for a site, provided they have rights to access the information that raised the 
warning.  This shows the analytical services (module data) that caused the warnings to be raised. 

 Further investigation of the cause of the warning is possible by examining the outputs from the services 
that caused it to be raised. 

 Users with appropriate privileges are able to:  
 Change the status of a warning, e.g. from red to yellow; 
 Indicate what action is currently being taken, e.g. “under investigation”; 
 Add text comments about a warning; 
 Dismiss a warning; 
 Raise a manual warning. 

 An audit log records each change made to a warning. 
 A warning history is maintained to allow inspection of warnings that were previously raised for a site and 

then dismissed. 

4.6.6. Limitations 

 The success of the warning module depends on the input services being able to provide data of sufficient 
resolution to produce useful status indicators.  Low resolution input data may produce outputs that are 
too course (temporally or spatially) to be useful. 

 It may be difficult to get an acceptable balance between false-warnings and real ones. 
 Difficulties on setting appropriate threshold levels when there is no existing guidance. 

4.7. Risk module 

4.7.1. Description 

The consequence modelling  analyses the hazards should a water or tailings dam fail.  The modelling takes 
account of a range of failure scenarios (e.g. sunny or a rainy day failure) as well as response conditions (e.g. 
warning being raised or not to the population).  

Consequence modelling is undertaken during the development of DAMSAT.  The results of the models are 
loaded into the Risk module of DAMSAT for inspection by the users. 
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4.7.2. Update frequency 

Not applicable.  The consequence modelling is undertaken off-line for a range of failure scenarios and 
loaded in to DASMAT once. 

4.7.3. Data processing 

The following modelling and assessment is undertaken: 
 Dam breach modelling using EMBREA-MUD (model description in Petkovsek et al, 2020);  
 2D inundation modelling using MIKE 21 (example of application of this type of modelling in Lumbroso et 

al, 2020); 
 Loss of life and evacuation modelling using LSM (example of this type of assessment in Lumbroso et al, 

2020); 
 Economic damage assessment using tabulated information from public sources; 
 Environmental damage assessment using the methodology of OEFA (Peru) and EPA (USA). 

The sequence of modelling is shown in Figure 4.3. 
 

 
Figure 4.3: Modelling sequence 
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4.7.4. Output 

The consequence modelling produces the following outputs: 
 Dam breach hydrographs for a range of failure scenarios; 
 Extent of inundation in the downstream valley including depth and flow velocity; 
 Economic damage resulting from a dam breach scenario; 
 Loss of life resulting from a dam breach scenario under different warning scenarios; 
 Classification of environmental damage resulting from a dam breach scenario. 

4.7.5. User interface and access 

 A map of maximum flood extents and depths. 
 An animated map of the inundation model results showing expansion of flooding with time. 
 An animated map of the Loss of life simulation results, showing how people is affected at different times. 
 A summary of economic and environmental damage. 

4.7.6. Limitations 

All models have limitations in terms of representing the physical processes they intend to simulate. This is 
more the case with complex flows such as mudflows.  

Assumptions are made about the dam failure mode simulated with EMBREA-MUD.  

There is a number of assumptions with respect to model parameters and failure scenarios. These are often 
difficult to predict, especially if particular data about site and tailings characteristics is limited. 

The required input data is difficult to get from mine site owners. Reliable hydrological data is often not 
available. In these cases parameters have to be assumed. 

For abandoned sites, there may not be enough information to make an informed risk assessment. 

Tailings dams are periodically raised. In this case the risk from failure must be reassessed. 

5. Non-functional requirements 
5.1. Service start-up and shut-down 
The analytical services do not run continuously, but start up periodically to process any new data that is 
available to them.  The start-up frequency depends on the frequency with which new data becomes 
available.     

The system administrator is able to manually start and stop services to help with debugging and overcoming 
errors. 

The user interface service runs continuously.  The system administrator is able to manually stop and start 
this service if required for maintenance. 
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5.2. User management  
A user management function is provided that allows: 
 Creation and deletion of user accounts; 
 Assignment of access rights to users; 
 Password management. 

Users must log in to DAMSAT to use any feature of the system.  Access rights control which data each user 
has access to.  The system administrator is responsible for assigning access rights to users. 

5.3. Data access 
The data that each user has access to varies depending on the source, ownership and state of the data.  

The level of access available to users is listed under each service definition. 

The mechanism for controlling user access is a set of simple roles.  Each user is assigned one or more roles, 
each of which grant access to the outputs of a particular service. 

5.4. System monitoring 
An overall “system health” status is available for all users to see.  This indicates the last system update time 
and gives an indication of whether the system is fully operational or not.  Given that the update frequency 
varies between services, the last system update time does not imply that all data were updated at that time. 

5.5. Logging  
Each service creates a separate log file to record service activity, including: 
 Service start time; 
 Input data summary, e.g. names and dates of files imported; 
 End of processing status message, e.g. success or failure; 
 Error messages where appropriate. 
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