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Abstract
At no cost to the user, the Copernicus mission frequently releases 

Synthetic Aperture Radar (SAR) datasets collected by the Senti-

nel-1 sensors. These datasets are regularly pre-processed by the 

Google Earth Engine and made available to the scientific com-

munity for further processing and analysis.  This paper describes 

the application of a recently developed sequential change detec-

tion algorithm for Sentinel -1 datasets based on an omnibus like-

lihood ratio test statistic within the Google Earth Engine platform. 

Change detection methods, such as the one described here, of-

fer the nuclear non-proliferation community a new way to use re-

mote sensing datasets for monitoring nuclear facilities worldwide.

Introduction
Synthetic Aperture Radar (SAR) is being widely used for nuclear 

nonproliferation activities and offers an imaging capability inde-

pendent of cloud-cover and solar illumination conditions over ar-

eas of interest throughout the world. The Sentinel-1 SAR space 

mission, operated by the European Space Agency (ESA), offers 

free access to the sensors’ data, unlike other SAR missions that 

charge fees for each data set. A convenient and near-real-time 

source of time-sequential SAR data is provided by the Google 

Earth Engine (GEE) platform,1 which archives Sentinel-1 dual po-

larization SAR images as soon as they are made available by the 

ESA. The GEE also offers a platform to design and execute serv-

er-side algorithms on server-side hosted remote sensing data, 

thereby reducing local storage and computation requirements. 

Change detection analysis for nuclear nonproliferation and ac-

tivities supports international verification regimes by offering a 

remote mechanism for treaty verification.2

This paper describes the application of a recently developed 

sequential change detection algorithm for Sentinel-1 data sets. 

The algorithm is based on an omnibus likelihood ratio test statistic 

for the equality of several variance–covariance matrices follow-

ing the complex Wishart distribution, with an associated p-value 

and a factorization of the test statistic.3,4 It enables geospatial and 

temporal isolation of changes in a time series of multilook SAR 

data in a simplified polarimetric matrix representation, with single 

polarization intensity data included as a special case. The ability 

of the sequential change detection method to detect and isolate 

regions of intense activity, together with easy access to Senti-

nel-1 SAR imagery on the GEE, suggests specific applications in 

the area of remote monitoring for nuclear nonproliferation treaty 

verification. 

The change detection method is described in detail. Further-

more, an open source change detection software for interaction 

with the GEE has been developed and is explained in this paper. 

The client-side programs run in a local Docker container serving 

a simple Flask web application. Apart from the Docker engine 

and a browser, no software installation is required of the user for 

the change detection analysis. The capabilities of the method are 

demonstrated via an analysis of a long time series of Sentinel-1 

dual polarization data acquired over uranium mines and a military 

site. 

Theory
The term “multilook” in SAR imagery refers to the averaging of 

single observations to reduce the effect of speckle, a noise-like 

consequence of the coherent nature of the radar signal emitted 

from the sensor. In the case of polarimetric SAR, the observed 

signals are complex Gaussian-distributed signals,3 and their vari-

ance–covariance representations, when multiplied by the equiva-
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lent number of looks (ENL) — an empirical estimate of the number 

of independent observations — are correspondingly complex 

Wishart-distributed signals. This distribution is the multivariate 

complex analogue of the well-known chi-square distribution for 

the variance of Gaussian-distributed scalar observations. 

The complex Wishart distribution is completely determined 

by the parameter  (the covariance matrix) and the ENL. The latter 

is the number of looks corrected for the lack of independence of 

the multilook observations. Given two measurements of polarized 

backscatter from the same region on the ground surface at differ-

ent times from the same orbital path, one can set up a so-called 

hypothesis test to decide whether a change has occurred. The 

null hypothesis ( is that  — that is, the two observations were 

sampled from the same distribution, and no change has occurred 

— and the alternative hypothesis () is ; in other words, there was 

a change (the ENL is assumed to be the same in both images). 

Because the distributions are known, a likelihood ratio test can be 

formulated that allows one to decide to a desired degree of signif-

icance whether to reject the null hypothesis. Acceptance or rejec-

tion is based on the p-value — that is, the probability of getting a 

test statistic that is at least as large as the one observed, given 

the null hypothesis. The p-value may be derived from the (approx-

imately known) distribution of the likelihood ratio test statistic. In 

the case of  observations, this procedure can be generalized to 

test a null hypothesis that all of the k pixels are characterized 

by the same  against the alternative that at least one of the, is 

different — that is, at least one change has taken place. Further-

more, this so-called omnibus test procedure can be factored into 

a sequence of tests involving hypotheses of the form:

 Σ_1=Σ_2 against Σ_1≠Σ_2 

 Σ_1=Σ_2=Σ_3 against Σ_1=Σ_2≠Σ_3 

and so forth. The tests are statistically independent under the 

null hypothesis. In the event that the null hypothesis is rejected 

at some point in the test sequence, the procedure restarts from 

that point, so that multiple changes within the time series can be 

identified. 

Dual Polarization, Diagonal Only
To be more specific, we describe below the hypothesis tests 

for dual polarization (pol), diagonal-only matrices. The per-pixel 

observations are expressed as multilook polarimetric matrices 

which, in the case of vertical emission and vertical and horizontal 

reception, have the form

where  is the complex scattering amplitude for vertically polarized 

emission and detection and  is the vertical emission horizontal 

reception. The angular brackets denote multilooking. The Earth 

Engine database archives only the diagonal matrix elements, 

not the (complex) off-diagonal elements. The block diagonal el-

ements are assumed to be independent.5 So, in fact, one works 

with observations of the form

If we write

where m is the ENL, then the omnibus test for

against

has the critical region

The left side of the inequality is the ratio of the maximum likeli-

hood of observing the data under the null hypothesis to that of 

observing the data irrespective of change. If the ratio is less than 

some threshold t, the null hypothesis is rejected. Taking loga-

rithms:

We have the following approximation for the statistical distribution 

of the test statistic Q:

 

where  is the chi-square distribution with degrees of 

freedom. In practice, we choose a significance level α — for 
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example, α = 0. 01 — and reject the null or no-change hypoth-

esis when the p value satisfies

There is some empirical justification that the assumption of 

the independence of the diagonal elements does not seriously 

affect the validity of the hypothesis tests with GEE Sentinel-1 data. 

Previous research investigates histograms of the  values,6 where  

is the likelihood ratio test statistic, in no-change regions and finds 

good agreement with the expected chi-square distributions. See 

previous work for a comparison of the distribution test statistic for 

no-change observations with the theoretical (chi-square) values 

for the quad pol case and for the dual pol diagonal case using 

Sentinel-1 data available in GEE.4

Sequential Omnibus Test
As mentioned earlier, the omnibus test can be factored into a se-

quence of tests involving hypothesis of the form Σ
1
=Σ

2
 against 

Σ
1
≠Σ

2
, Σ

1
=Σ

2
=Σ

3
, against Σ

1
=Σ

2
≠Σ

3
, and so forth. For example, to 

test

against

 

the likelihood ratio test statistic is given by

for j = 2…k, and

The null hypothesis is correspondingly rejected when

 

Moreover, the constitute a factorization of  such that, or

and the tests are statistically independent under the null hypoth-

esis. 

Now suppose that we conclude. We can then continue to look for 

additional changes by restarting the tests at,

for j = 3...k. This procedure is continued until the end of the image 

sequence. 

Computation Strategy and Change Detection  
Products
Denoting the test statistics , for a 

series of, say k = 5 images, we have the following tests to consider:

 

For example, if the test  does not reject , but test   

does, then the subsequent test  and  in the first row are 

not valid. We restart the sequence in row 3 at  and continue to 

check for additional changes. From a computational standpoint, 

because the test sequences must be applied to every pixel, it is 

advantageous to precalculate all of the p-values (in this example, 

there are 10 of them), irrespective of their relevance. Then, in a 

second pass over the p-value arrays, the valid changes are iden-

tified. This is the strategy adopted in the implementation of the 

sequential omnibus algorithm on the GEE Python API: The p-value 

arrays are precomputed and then scanned at the desired signif-

icance level. Four 1-byte arrays having the spatial dimensions of 

the images are updated recursively to generate georeferenced 

change maps. These are:

• c_map: the interval in which the most recent significant 

change occurred (single-band)

• s_map: the interval in which the first significant change 

occurred (single-band)

• f_map: the frequency of significant changes (single-band)

• b_map: the interval in which each significant change 

occurred ((k−1)-band). 

The f_map is particularly advantageous for identifying small 

regions of concentrated activity over the time sequence, whereas 

the b_map can be used to determine change profiles of specific 

regions of interest and to generate change animations. 
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Case Studies
For site monitoring applications using the GEE Sentinel-1 data ar-

chive, one has to take both the spatial as well as the temporal 

resolution into account. The Sentinel-1 Ground Range Detected 

(GRD) scenes that are processed by the sequential change de-

tection algorithm are acquired in Interferometric Wide (IW) swath 

mode. The multilook averaging of five azimuth looks and one 

range look results in a spatial resolution of about 20 meters, al-

though the pixel dimensions are 10 x 10 meters. Thus, apart from 

large-scale construction/excavation activity, the most detailed 

changes which we might expect to detect would be associated 

with movements of large vehicles, aircraft, or ships. Images over 

any location are acquired by the two spacecraft, Sentinel-1a and 

Sentinel-1b, operating together at revisit times of about six days. 

Keeping this in mind, we consider the following examples of mon-

itoring a military airbase and two uranium mines. 

Geilenkirchen
The North Atlantic Treaty Organization’s (NATO) airbase near 

Geilenkirchen, Germany (Figure 1), is the Main Operating Base of 

the NATO Boeing E-3 Sentry Component, one of two operation-

al elements responsible for managing the NATO Airborne Early 

Warning and Control System (AWACS) fleet of aircraft.7 

The E-3 component operates 16 AWACS aircraft based on 

the Boeing 707 airframe and manned by about 30 multinational 

crews from various NATO countries. In addition to regular mission 

Figure 1. The NATO Airbase near Geilenkirchen, Germany. (Copyright 2018, Google)
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Figure 2. Changes observed per observation period for the NATO Airbase, 34 Sentinel-1 scenes from April to October 2017. Screenshot from Google Earth 

Engine Code Editor. (Copyright Google.)

Figure 3. Activity profile for the aircraft parking positions. Note: the x-axis labels only show every second date. All available Sentinel 1a and 1b of the same relative 

orbit in the GEE archive are included.
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starts and landings, a significant number of training flights are 

conducted from the airbase. This activity is accompanied by con-

siderable noise pollution affecting the densely populated areas 

nearby in the Netherlands and Germany and has led to public 

protests. Future disarmament treaties would likely cover weapon 

delivery systems, including strategic bombers. The ability to 

regularly track airplane movement at airports would assist a dis-

armament treaty inspectorate through verification without site 

visitation. A change frequency map obtained with a series of 34 

Sentinel-1 acquisitions between April and October 2017 is shown 

in Figure 2. 

The parking positions of the aircraft are immediately apparent 

since the changes are strongly localized. By defining a polygon 

region of interest around the parking positions (not shown in any 

figures) to exclude changes from the surrounding agricultural 

regions, we can track the fraction of changes (number of changed 

pixels in the window divided by the total number of pixels) over 

time (see Figure 3). A peak in activity in the month of July 2017 is 

clearly evident. 

McArthur River and Cluff Lake Uranium Mines
Satellite sensors can play an important role in the monitoring of 

remote uranium mining and milling sites, especially to verify un-

Figure 4. The McArthur River uranium mine in northern Saskatchewan. (Copyright 2018, Google.)
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declared activity where the amount of ore mined is in excess of 

that declared by the site operator. We first consider an example 

of a declared, operational uranium site, the McArthur River Ura-

nium Mine in Canada (see Figure 4). The McArthur River deposit 

was discovered in 1988 and is located in Saskatchewan, Canada, 

approximately 70 kilometers northeast of the Key Lake mill.8 The 

2016 Uranium Report (commonly referred to as the “Red Book”) 

published by the Nuclear Energy Agency and the International 

Atomic Energy Agency on uranium resources, production and 

demand notes that “production at the McArthur River mine, the 

world’s largest high-grade uranium mine, was 7,684 tU and 7,312 

tU in 2013 and 2014, respectively.”9

Figure 5 shows a change map color-coding the time of the 

most recent change detected in a time series of 36 Sentinel-1 

images between August 2016 and October 2017. It is evident that 

changes are occurring throughout the time interval. The change 

Figure 5. Most recent change map (dark blue early, yellow-red late) for the McArthur River mine using a series of 36 Sentinel-1 scenes from August 2016 to Octo-

ber 2017. (Screenshot from GEE Code Editor; copyright Google.)
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Figure 6. Change profile for a series of 36 Sentinel-1 scenes, from August 2016 through October 2017 over the McArthur River uranium mine. 

Figure 7. Change profile for a series of 18 Sentinel-1 scenes from January through October 2017 over the Cluff Lake uranium mine. 
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profile for the main site can be seen in Figure 6. This is in con-

trast to a similar study of the decommissioned Cluff Lake mining 

site, also located in northern Saskatchewan (see Figure 7 and 

Figure 8). This mine ceased uranium production at the end of 

2002 when the ore reserves were depleted. Apart from the two 

spikes in May and July 2017, no activity is evident in the change 

profile of Figure 8. The spikes can be attributed to environmental 

changes, most probably ground moisture following rainfall. Figure 

9 shows the changes that occurred in May (orange/pink) and July 

(green), superimposed onto the Cluff Lake area. Whether or not 

these changes are related to undeclared activities would require 

further analysis that ought to include state-declared information.10 

The change detection demonstrated here illustrates the utility of 

SAR data to detect change but cannot uniquely determine the 

reason the change occurred, only that a change was observed.

Algorithm Distribution
The change detection algorithm presented in this paper offers 

analysts a quick and effective way to exploit Sentinel-1 data sets. 

To this end, the algorithm has been made available through two 

different platforms, a Docker container with a web browser or the 

Google Earth Engine (GEE) Code Editor. Each of these platforms 

illustrates emerging mechanisms for analysts to conduct remote 

sensing image analysis tasks with little local computation power 

and without relying on local remote sensing data stores. With the 

recent deluge of remote sensing data available to analysts from 

Figure 8. The decommissioned Cluff Lake uranium mine. (Copyright Google.)
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Figure 9. The region of the Cluff Lake uranium mining site, with significant changes detected in May and July 2017 shown in orange/pink and green, respectively. 

(Screenshot from GEE Code Editor; copyright Google.)

many new and existing sensors, visual interpretation and sin-

gle-scene analysis routines can no longer keep pace. The soft-

ware used to execute the omnibus change detection algorithm is 

free, open source, and available on GitHub at https://github.com/

mortcanty/earthengine.

Docker Container with Web Browser
Docker is a software containerization platform intended for large-

scale web application deployment which may also be used to 

deploy an isolated operating system-level container within an 

existing operating environment so that specific software applica-

tions may run reliably on any user platform without the need for a 

full virtual machine to be installed on the users operating system. 

Using Docker, an analyst can, for example, run one or more Li-

nux based applications on a Windows 10 operating system. The 

change detection algorithm described in this paper is available 

in such a Docker container. This implementation uses the simple 

Flask web application framework for performing change detec-

tion tasks with GEE imagery on the associated Google servers. 

This use of an ordinary web browser as a user interface demon-

strates an option in which analysts are offered remote sensing 

analysis tools without using traditional remote sensing software 

packages. A website, whether hosted behind an enterprise fire-

wall or open to the worldwide web, offers analysts a set of tools in 

a controlled setting. Such an interface can be programmed to limit 

the tool’s input parameters, thus offering inexperienced analysts 

the option to compute change detection without user induced 

errors. For example, the change detection algorithm should only 

consider one orbital path for each change detection routine since 

the look geometry needs to be the same. Novice users should 

be prevented from simple mistakes like this but still offered the 

underlying power of the change detection algorithm. In addition, 

website designers can offer a more structured approach to in-

tegrating a full suite of remote sensing tools for analysts to use. 

Tool integration into a broader analyst working environment is a 

topic mentioned in another article in this issue.11,12 An example of 
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this style of deployment can be seen at http://ms-image-analysis.

appspot.com/static/index.htm. 

Google Earth Engine Code Editor
Analysts can also use a JavaScript implementation of the change 

detection algorithm within the GEE Code Editor. This offers more 

flexibility than using the python implementation for the analyst to 

modify or extend the change detection scripts and to control pro-

cessing through the interactive JavaScript code editor. Google 

describes this platform as “a web-based IDE [Integrated Devel-

opment Environment] for the Earth Engine JavaScript API. Code 

Editor features are designed to make developing complex geo-

spatial workflows fast and easy” and has the following elements: 

“JavaScript code editor, Map display for visualizing geospatial 

data sets, API reference, documentation, Git-based script manag-

er, Console output, Task manager to handle long-running queries, 

Interactive map query, Search of the data archive or saved scripts, 

Geometry drawing tools.”13 

Conclusions
The Sentinel-1 data repository is freely accessible to remote sens-

ing analysts. Satellite-based SAR sensors offer a remote sensing 

data source free from cloud-cover and sun illumination concerns 

and with a regular revisit time. Such data sources have proven 

valuable for change detection algorithms given the data sources’ 

reliable geographic coverage and accuracy. The omnibus algo-

rithm running on GEE servers provides analysts with the oppor-

tunity to carry out fast spatial/temporal change detection on an 

easy-to-use platform. The monitoring of activities related to the 

nuclear fuel cycle and nuclear arms were used to illustrate some 

of the advantages of this approach and how remote sensing data 

can be robustly exploited. The Cluff Lake uranium mine exam-

ple demonstrates how initial change detection often requires 

follow-up investigations to determine the cause of the change 

and any implication on treaty verification. Access to the Sentinel-1 

data sets in the Google Earth Platform relieves analysts from data 

storage burdens, while executing the computations in the cloud 

reduces local hardware demands. These conditions enhance the 

capability of a single analyst to conduct change detection over 

many sites worldwide with a minimal amount of local resources 

— an option that has been uncommon in the remote sensing field 

in the past. 

Keywords
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