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1. Résumé 

Le projet Léman-Baïkal a pour but de comparer le Lac Léman en Suisse et le Lac 

Baïkal en Russie, en développant une nouvelle plateforme de télédétection sur des 

ultra-léger motorisés (ULM). Les images hyperspectrales collectées permettront de 

cartographier lôh®t®rog®n®it® spatiale des propriétés de lôeau ¨ une résolution 

spatiale et temporelle encore jamais obtenue.  

Ce projet multidisciplinaire Suisse-Russe regroupe différents laboratoires de lôEcole 

Polytechnique Fédérale de Lausanne et des équipes du « Baikal Institute for Nature 

Management » et « Lomonosov Moscow State University ». Quatre laboratoires de 

lôEPFL (TOPO, LASIG, APHYS, ECOL) se concentrent sur la télédétection pour 

créer des cartes de la chlorophylle a, la matière en suspension, le carbone 

organique dissous et la température à la surface des deux lacs. Deux laboratoires 

(EFLUM, CRYOS) en collaboration avec lôUniversit® de Princeton étudient 

développent des capteurs de température et humidité ultra-rapides.  

En 2015, les derniers vols sur le Lac L®man ont eu lieu dôavril ¨ juin. Les vols se 

sont focalisés sur lôembouchure du Rh¹ne, ou proche de Cully et de Morges. En 

général, trois vols par jour ont été effectués au même endroit à trois altitudes 

différentes. Cette stratégie devrait permettre de détecter des processus à court-

terme, et de mieux interpréter les corrections atmosphériques. 

En juillet ï août 2015, nous avons organisé une campagne de terrain extensive 

autour du Lac Baïkal, où cinq sites ont été analysé en détail. Pour les trois premiers 

sites, la plateforme de télédétection a été montée sur un ULM, alors que les deux 

derniers sites ont été survolés par une caméra plus petite attachée sur un drone.  

Pour calibrer ces images, un grand effort de mesures in-situ sur le terrain a été 

accompli. Les différents types de phytoplancton ont également été analysés à la 

surface du lac, pour évaluer leur distinction potentielle par télédétection. Le succès 

de cette campagne a été assuré par la collaboration avec les chercheurs russes 

impliqués dans ce projet.  

Le traitement de cette énorme quantité de données a bien progressé. Quatre 

étudiants Russes, Mikhail Tarasov, Galina Shinkareva, Tatiana Zengina and Tamir 

Boldanov, ont travaillé pendant un stage de 4 mois sur les images collectées sur le 

Delta du Selenga. Ils ont réussi à créer une carte des principales plantes du delta. 

De plus, un nouveau software HypnOS a été développé pour visualiser et corriger 

les images. Nous espérons donc que les résultats évalueront bient¹t lôh®t®rog®n®it® 

de la qualité des eaux des deux lacs à une haute résolution spatiale et temporelle. 

Lôacquisition des donn®es dans le projet Léman-Baµkal sôest achevée en 2015. 

Leurs interprétations et des publications sont attendues pour lôann®e prochaine. 



2. Summary 

The Leman-Baikal project aims at comparing the water quality in Lakes Leman in 

Switzerland and Lake Baikal in Russia, using a newly developed remote sensing 

platform mounted on ultralight aircrafts. The collected hyperspectral images will be 

used to map the spatial heterogeneity of water properties at a higher spatial and 

temporal resolution than ever achieved. 

This Swiss-Russian multidisciplinary project regroups different laboratories within 

EPFL and teams from Baikal Institute for Nature Management and Lomonosov 

Moscow State University. Four EPFL laboratories (TOPO, LASIG, APHYS, ECOL) 

are focussing on remote sensing to map chlorophyll a, total suspended matter, 

dissolved organic carbon and temperature in surface water of both lakes. Two 

laboratories (EFLUM, CRYOS) in collaboration with Princeton University are 

developing ultra-fast temperature and humidity sensors.  

In 2015, the last flights on Lake Geneva took place from April to June 2015. The 

flights focussed near the mouths of the Rhône River, near Cully and Morges. The 

same site was flown over three times a day at 3 different altitudes. This strategy 

should allow to detect processes at short-time scale, and also to better interpret the 

atmospheric correction. 

In July-August 2015, we organized an extended field campaign over the entire Lake 

Baikal, where five sites were investigated in more details. On the first three sites, 

the remote sensing platform was mounted on a ULM, while the last two sites were 

investigated using a smaller camera mounted on a drone. To calibrate the collected 

images, a large effort for ground-truthing was accomplished. The different types of 

phytoplankton were also analysed in the surface water, to assess their potential 

distinctions by remote sensing. The success of this last campaign was ensured by 

the collaboration with Russian scientists implicated in the project.  

Data processing of the massive dataset has greatly improved. Four Russian 

students, Mikhail Tarasov, Galina Shinkareva, Tatiana Zengina and Tamir 

Boldanov, worked on the data collected on the Selenga Delta during four-month 

internship. They created a map with the main vegetation types in the Selenga Delta. 

A new software HypnOS was developed to visualize and correct the images. We 

therefore expect that results will soon assess the heterogeneity of water quality on 

both lakes at a high spatial and temporal resolution. 

Data acquisition within the project Leman-Baikal was finalized in 2015, and data 

interpretation and publications will follow next year. 
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3. Remote sensing platform ï TOPO / LASIG laboratory 

K Barbieux, Dr. Y Akhtman, D Constantin, Prof. F Golay and Prof. B Merminod. 

3.1. Methodology 

3.1.1. Objectives of TOPO laboratory within Project 

The tasks of TOPO laboratory in the Leman-Baikal project was to collect and process 

hyperspectral data, so that it can be used by scientific partners to perform image 

analysis. 

We collected data using either: 

(i) a hyperspectral system of our own, comprising a Headwall camera, mounted on 

a ultralight trike. 

(ii) an OXI camera, designed by Gamaya, mounted on a drone. 

Our role was then to process this data both geometrically and radiometrically, and 

make it accessible and usable for other labs. 

3.1.2. Acquisition Process 

Our hyperspectral system is composed of a Headwall Photonics pushbroom camera 

(250 bands), an RGB camera, a SGB-Systems Ekinox N navigation sensor, and a 

computer that interacts with the sensors (Figure 1). 

 

 
 

Figure 1: our system contains a hyperspectral camera, an RGB camera, and navigation sensors to 
georeference the images. 

 



The computer has an internal memory of 400 Gigabytes. During the flights, lines are 

acquired with a frequency of 50 Hz. The data is stored in the form of images which 

are concatenations of 1000 lines, in the .bil (Band Interleaved by Line) format. For 

each of them, a header file containing the orientation parameters for each line is 

generated thanks to the navigation sensors outputs. After the flights, data is 

transferred on our server. To visualize/process the data, we have designed a software 

called HypOS which is introduced in Section 6. 

3.2. Results from field Campaign 2014-2015 

3.2.1. Lake Geneva 

During the months of September 2014, April and May 2015, 15 flights were performed 

over Lake Geneva. The map shown on Figure 2 summarizes the lines flown and gives 

an overview of the area covered. 

 

Figure 2: lines flown over Lake Geneva between September 2014 and May 2015. 

As most of Lake Geneva had already been covered during previous years, the 

purposes of this yearôs flights were to cover the remaining areas as well as help to 

calibrate our sensors. Indeed, as shown on Figure 2, many flight lines overlap: these 

flights were actually performed at different altitudes to assess the influence of the 

atmosphere and the vehicleôs orientation on our measurements. Therefore, the data 

will serve as a test case in a near future for our radiometric calibration process 

(presented in Section 3.4.2). 

3.2.2. Lake Baikal 

In 2015, the acquisition campaign over Lake Baikal took place from 8thJuly to 14th 

August. While previous campaigns focused on the Selenga delta, we worked on 6 

different sites this year: the delta, Turka area, Ust-Barguzin area, Monachovo Bay, 

Nizhneangarsk area and Olkhon. Figure 3 shows the location of the different sites. 



 

Figure 3: the different sites explored during our summer campaign. I: Selenga delta; II: Turka/Lake 
Kotokel; III: Ust-Barguzin; IV: Monachovo Bay; V: Nizhneangarsk; VI: Olkhon. 

Our two objectives in the Selenga delta were to cover areas that had not been 

covered yet during previous campaigns, and synchronize with the team from 

Moscow State University (MSU) to collect data from the same ground control points 

with an Ocean Optics Spectrometer. Figure 4 shows the flights realized during the 

first week of the campaign. 

 

Figure 4:  flight lines crossed by the ultralight over the Selenga delta in 2015. 

The Limnology lab of EPFL joined us at the second site (Turka). The main goals there 

were to collect data at points of interest for the Limnology Lab, and acquire data 

over the whole Lake Kotokel for MSU. Figure 5 illustrates our work. 

 



 

Figure 5:  flight lines crossed by the ultralight over Turka 

Data from both Selenga delta and Lake Kotokel were processed. Data from the delta 

is already used by MSU. Among the rest of the data, one part is used for calibration 

purposes (see Section 3.4.2), and the other part is reference data to test this 

calibration process. Once the calibration is validated, the images will be used by 

APHYS laboratory to study Lake Baikal waters, also in Ust-Barguzin area (shown on 

Figure 6). 

 

Figure 6:  flight lines crossed by the ultralight over Ust-Barguzin. 

Due to bad weather conditions (especially wind conditions), Monachovo Bay could not 

be surveyed. Four short drone flights (about 30 km each) were performed on the last 

two sites (Nizhneangarsk and Olkhon). Since it was the first time that an OXI 

camera was used for collecting data from Lake Baikal, the results have to be studied 



carefully to assess the performance of the camera and the possibility of using it again 

in the future. Data from this camera will be analyzed later. 

3.3. Geometric Correction 

Great progress were made recently on geometric correction. The òrawò 

orthorectification, using the orientation parameters output by our navigation 

sensors, was not sufficient to provide correct and consistent georeferencing of the 

data. This issue is now solved. 

The RGB images acquired simultaneously to the hyperspectral lines are pro- 

cessed by bundle adjustment techniques (Triggs and al. 2000), which allows to 

retrieve better orientation parameters for each image. The closest pushbroom line 

(in time) is given this orientation. Multiple lines are corrected that way, and the 

parameters for the rest of the lines are computed by interpolation. Figure 7 shows 

an example of improvement realized thanks to this technique. 



 

 

 

 

 
 

Figure 7: flight path (top) and extract from the projection before (middle) and after (bottom) correction, 
for a flight over the Selenga delta. 

7 
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Three sample flights performed at different altitudes were corrected using this method. 

The results are summarized in Table 1. 

 Mean Elevation 

[m] 

Mean Residual 

Before Correction 

[m] 

Mean Residual 

After Correction 

[m] 
Flight 1 500 13.8 6.1 

Flight 2 1000 49.2 8.0 

Flight 3 1500 46.3 10.5 

Table 1: comparison of mean residual before and after correction for 3 flights of different altitudes. 

Two ideas have been explored to further refine the precision of the georeferencing. The 

first one is a better synchronization between the RGB camera and the hyperspectral, to 

make sure the orientation parameters output by the bundle adjustment are given to the 

right pushbroom line. The second one is to improve our filtering of the navigation data. It is 

currently processed by a Kalman filter directly inside the sensor. Extra filtering could allow 

to get better orientation parameters before the bundle adjustment is performed. It is 

critical to explore these ideas as the current algorithm highly relies on the presence of 

salient elements inside the images. Thus, plain surfaces like water are hard to process 

when they are not surrounded by land. 

An article about geometric correction, entitled òGeometric Correction for Airborne 

Hyperspectral Imageryò, will be submitted to ISPRS 2016. 

3.4. Radiometric Correction 

The data we collect has to be processed to account for several problems. 

3.4.1. Atmospheric Correction 

The first issue is the atmospheric absorption: some radiations are absorbed by the 

atmosphere, thus inducing artefacts in our raw data. Figure 8 shows an example of such 

problem. 
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Figure 8: Typical output spectrum from our camera. Down peaks corresponding to absorbed radiations can be 
observed; the most noticeable, around 780 nm, is due to water vapor in the atmosphere. 

In 2015, TOPO laboratory managed to develop an algorithm that tackles this issue. 

Assuming reasonable smoothness of the spectra, the raw data can be corrected to remove 

these atmospheric effects. This method, called Smoothing Technique for Empirical 

Atmospheric Correction (STEAC), performs better than other methods. A paper (Manuel 

Cubero-Castan et al. 2015) was published in the WHISPERS 2015 conference, and a 

second one (òIrradiance Fitting Atmospheric Correction - a Novel Atmospheric Correction 

Algorithm using Illuminant Spectral Fitting.ò) was submitted to IEEE Journal of Selected 

Topics in Applied Earth Observations and Remote Sensing (JSTARS 2015). 

3.4.2. Other Issues 

Other problems include: non uniform sun intensity within flights; moving mechanical 

elements inside our sensors, which shift the signals on the wavelengths axis; noise inside 

the signals. A paper entitled òComputation and Storage of Calibration for Airborne 

Hyperspectral Sensorsò, which explains how we deal with all these problems, was 

submitted to JSTARS 2015. Figure 9 shows a comparison between a processed signal 

from our camera and the ground truth acquired by APHYS laboratory of EPFL using an 

Ocean Optics Spectrometer. 
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Figure 9:  Outputs of the spectrometer and the hyperspectral camera. 

3.5. Data Visualization: the HypOS Software 

To enable the visualization and the use of the hyperspectral data, we provide 

scientific partners with a software called Hyperspectral Orthorectification Software 

(HypOS). It is a geographic information system based on NASA Worldwind SDK 

where pushbroom hyperspectral data in the .bil format can be imported, 

georeferenced and processed. 

 

 

Figure 10:  HypOS software. 

The software provides all the features necessary to obtain relevant hyperspectral 

information: uniformization of light intensity (to account for the varying sun 
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conditions within one flight), geometric and radiometric correction for the data, and 

exportation of areas of interest into .bil files. 

 

 

Figure 11: example of light intensity correction: top image represents a flight visualized in HypOS 
before correction, and bottom image illustrates the same after correction. 

In 2015, all these features were successfully implemented. This software is already 

actively used by MSU to process images of interest: one paper about the 

classification of these images was already published (Tarasov et al. 2015). New 

possibilities were constantly added. A single problem remains: the software 

demands high computer performances to work properly (64 GB of RAM are 

sometimes not enough to process large-scale flights), and the current radiometric 

correction is slow (depending on the computer performances, one to several hours 

to compute smooth spectra). The current work on the software aims at reducing 

the RAM necessary to run it, and increase the processing speed. 
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3.6. Conclusion 

During the academic year 2014-2015, TOPO has solved most of the issues related to its 

work for the Leman-Baikal project. Firstly, an atmospheric correction algorithm independent 

of any calibration data was developed, and should allow us to process data from the 2013 

campaign in a near future. Secondly, an entire calibration process has been designed to 

correct data from 2014 and 2015 radiometrically. This calibration was implemented and 

should be usable, through the HypOS interface, to scientific partners in a near future. Thirdly, 

a new geometric correction algorithm allowed us to correct the navigation parameters of all 

the data acquired so far. The results are hyperspectral lines that are much better 

georeferenced. Finally, the development on HypOS is still ongoing. It is ready for use for 

other labs. The current work aims at improving the overall processing speed of the software, 

which is currently slow for large-scale studies. Part of the work has already been published, 

is under review (in JSTARS 2015) or will be submitted to upcoming conferences (ISPRS). 

Our future work is divided in three tasks. The first one, as already mentioned, relates to the 

usability of HypOS. The second one consists in making the processed data of all campaigns 

available for other labs. Concretely, for each lake, a map matching each area to a flight should 

be accessible, so that each scientist involved in the project can easily find the data he/she is 

interested in. The data that has not been processed geometrically/radiometrically will be 

processed. The third task is a theoretical work aiming at improving the geometric correction 

for plain surfaces like water. Current methods are satisfying but demand that part of the 

flights is performed over land. W e will investigate how it is possible to remove this 

constraint. 
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4.  Water Quality - Margaretha Kamprad Chair (APHYS) 

4.1. Introduction and objectives 

Each substance has a unique color associated with its absorption, scattering and/or light 

transmission. Interpretation of the Remote Sensing signal acquired from an airborne or 

spaceborne sensor is therefore inherently depending on the type of substances and 

organisms in the water and their associated optical properties (i.e. how they interact with the 

light). Our research is in the earth of this booming technology and aim at referencing the 

optical properties of two major lakes in Western Europe and Eastern Russia, Lake Geneva 

and Lake Baikal. The first outcome of our activity is to provide the required dataset for 

accurate estimation of biogeochemical substances and possibly different phytoplankton 

communities over the entire lake from remote observations with future sensors like OLCI 

(ESA) on Sentinel-3 and hyperspectral ultra-light sensors like the one developed within this 

project. More fundamentally, our research will allow to validate and interpret Remote 

Observations above Lake Baikal and Lake Geneva by providing Inherent Optical Properties 

(IOPs) coefficients and algorithm recommendations for multi to hyperspectral sensors. Of 

particular importance is the relation between the vertical structures of the water constituentsô 

IOPs and the Reflectance measured above the water. In this report we present three 

principal structure of vertical stratification: (i) Concentrations decreasing with depth; (ii) 

Gaussian-like profile with maximum concentration a few meters from the surface and (iii) 

constant concentration within the light penetration depth. 

4.2. Material and method 

During a circum-Baikal cruise in summer 2015, 77 sites all over Lake Baikal (Figure 12) 

where sampled. Data over Lake Geneva (Figure 13) were sampled over 64 sites between 

spring and summer. In order to link the biogeochemical content with the lake color as 

observed from the sky or from space, different types of measurements are required. By color 

we mean the ratio between incoming light from the sun and the light exiting the water which 

is commonly called reflectance. 
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Figure 12: Lake Baikal ground control locations sampled in 2015 (White), 2014 (Red) and 2013 (Blue). 

 

Figure 13: Lake Geneva ground control locations sampled in 2015 (White), 2014 (Red) and 2013 (Blue). 

Figure 14 shows the locations of the stations that will be presented in the following section. 

These sites illustrate the three main vertical structures we proposed for this study in 

introduction. Four kinds of measurements were performed on-ground, and will be descripted 

in the following section. 










































