Universiteit

w4 Leiden
The Netherlands

Accessible remote sensing of water
Burggraaff, O.

Citation
Burggraaff, O. (2022, December 13). Accessible remote sensing of water.
Retrieved from https://hdl.handle.net/1887/3497379

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3497379

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3497379

Accessible remote sensing of water

Olivier Burggraaft



© Olivier Burggraaff, 2022

Accessible remote sensing of water
PhD thesis, Universiteit Leiden, Leiden, Netherlands
ISBN: 978-94-6421-952-4

Cover art: Stylised image of water in six spectral bands, corresponding to colours from the
Forel-Ule scale for natural waters.
Cover design by Sanjana Panchagnula.

Printed by Ipskamp Printing.
An electronic copy of this thesis can be found at https://scholarlypublications.universiteitleiden.nl/.


https://scholarlypublications.universiteitleiden.nl/

Accessible remote sensing of water

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof. dr. ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 13 december 2022
klokke 12.30 uvur

door

Olivier Burggraaff

geboren te Zoetermeer
in 1996



Promotores: Prof. dr. C. U. Keller
Prof. dr.ing. M. G. Vijver
Co-promotor: Dr.ir. F. Snik

Promotiecommissie:  Prof. dr. H. J. A. Roéttgering
Prof. dr. ir. P. M. van Bodegom
Prof. dr. E. S. Boss (University of Maine)
Dr. S. G. H. Simis (Plymouth Marine Laboratory)
Dr. D. M. Stam (Technische Universiteit Delft)

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 776480 (MONOCLE).



Contents

1 General introduction

1.1 Water . . . . . . . e e
1.1.1 Inorganic constituents . . . . . . . . . ... ... ...,
1.1.2 Organic constituents . . . . . . . . . .. ..o v v v vt
1.3 Pollution . . . ... . ..
1.1.4 Challenges and opportunities . . . . . . . . . . . . ... ... ...
1.2 Detectionof light . . . . . . ... ... L
1.2.1 Radiometry . . . . . . . . ...
1.2.2  Spectroradiometry . . . . . . . ...
1.2.3 Spectropolarimetry . . . . . . . . . ...
1.3 Remote sensingof water . . . . . . .. ... L o
1.3.1 Inherent optical properties . . . . . . .. ... ... ...
1.3.2 Reflectance . . . . . .. . .. .. ...
1.3.3 Constituent retrieval and inversion . . . . . . . ... ... ... ...
1.34 Validation . . . . . . ...
1.4 Citizen SCIenCe . . . . . . . . o o v v it e e
1.5 This thesis: Accessible remote sensing of water . . . . . ... .. ... ...
2 Citizen science with colour blindness: A case study on the Forel-Ule scale
2.1 Introduction . . . . . . . . .. e e e e e
22 Methods . . . . . . L
221 Forel-Ulescale . . . .. ... ... .. ... ...
2.2.2  Simulation of colour blindness . . . . . ... ... ... ... ...,
2.2.3 Colourdiscrimination . . . . .. ... ... ... .. ... ...,
23 Results. . . . . . e
2.3.1 Colour blindness simulation . . . . ... ... .. ..........
2.3.2  Colour discrimination . . . . . . ... ... L
2.3.3 Practical consequences . . . . . . ... ...
2.4 DiscusSion . . . . . . ... e e e e e e e e e
2.5 Conclusions & recommendations . . . . . . . . . . ... ...

3 Standardised spectral and radiometric calibration of consumer cameras

3.1 Introduction . . . . . . . . . . ... e e e e
3.2 Trends in CONSUMEr CAMETAS . . . . . « & v v v v v e e e e e e e e e e e e
32.1 Smartphones . .. ... ... ...
33 Methods . . . . . . ..
33.1 Experimental setup . . . . . . . . ...
3.3.2  General properties . . . . .. ... i e e e e e
333 Linearity . . . . . . . . e e
334 Bias&read-outnoise. . . . . . ... ...
335 Darkcurrent . . ... ... e
33.6 ISOspeed . . . . . .. e
3377 Gainvariations . . . .. .. ... e e e e

35
36
38
38
38
40
40
40
43
44
44
46



vi Contents
3.3.8 Flatfieldcorrection . . . . . . . . . . ... ... .. 56
339 Spectralresponse . . . . . . ... 57
3.3.10 Relative radiometric calibration . . . . ... .. ... ... .. ... 58
34 Results. . . . . .. e 59
3.4.1 General properties . . . .. ... 59
342 Linearity . . . . . . . . e e e 60
343 Bias&readnoise . . . . ... ..o 62
344 Darkcurrent . . . .. ... 63
345 ISOspeed . . . . . . o 64
346 Gain. . . ..o e 64
347 Flatfieldcorrection. . . . . . . . . . ... 66
34.8 Spectralresponse . . . . . . ... 68
349 SPECTACLEdatabase . . . . . . . ... ..., 70
3.5 Discussion & conclusions . . . . . . . . ... 70
4 Accuracy and reproducibility of above-water radiometry with calibrated smart-

phone cameras using RAW data 75
4.1 Introduction . . . . . . . .. ... 76
42 Methods . . . . . . oL 77
4.2.1 Dataacquisition . . . . . ... ... 78
4.2.2 Reference data processing . . . . . . .. ... 79
4.2.3 Smartphone data processing . . . . . ... ..o 80
424 Colour . . ... ... e 82
425 Replicateanalysis. . . . . . . . ... .. 83
42.6 Match-upanalysis . . . ... ... ... 83
43 Results. . . .. 85
43.1 Replicateanalysis. . . . . . .. ... .. . 85
4.3.2 Smartphone comparison . . . . . . ... ..ol 86
4.3.3 Smartphone vs. reference comparison . . . . . . ... ... L. 89
434 JPEGdata. . ... ... ... ... ... e 93
44 DISCUSSION . . . . . v v vt e e 94
44.1 Uncertainty . . . . . . .. ..ot 94
442 Reproducibility . . . . . ... 95
443  ACCUTACY . . . v v v i e e e e 96
444 Recommendations . . . . . . . . ... 98
445 Outlook . . . .. ... 99
45 Conclusions . . . . . . .. e 100
4.A Uncertainty propagation . . . . . . . . . . ...t e 100
4.A.1 Covariance and correlation . . . . . . ... ... ... ... 100
4.A2 Averagingthe Gand Gy channels . . . . ... ... ......... 102
4.A.3 Remote sensing reflectance . . . . . . .. ... 102
4.A4 Bandratios . . . ... Lo 103
4.A.5 Chromaticity andhueangle . . ... ... ... .. ... ...... 104
4.B Smartphone RGB to XYZ transformation . . . ... .. ... ........ 105



Contents

vii

5 Biases from incorrect reflectance convolution
5.1 Introduction . . . . . . . . . . . . . ..
5.2 Theoretical background . . . . . . .. ... oL
52.1 Reflectance . . . . .. .. .. .. ...
5.2.2 Spectral convolution . . . . . .. ... L L
5.2.3 Reflectance convolution . . . . ... ... ... ... .......
524 Generalrule. . . . . ... ... ..
53 Methods . . . . . . .. e
5.3.1 Radiometricdata . . ... ... ... .. ... ... ... ..
5.3.2 Spectralconvolution . . . . ... ... ... Lo
5.3.3 Spectral response functions . . . . ... ...
5.3.4 Retrieval algorithm propagation . . . . ... ... ... ... ....
54 Results. . . . . . . . e e
5.4.1 Simulated instruments . . . . . . .. ... ... e
5.4.2 Realinstruments . . . . . .. .. .. .. ...
5.4.3 Retrieval algorithms . . . . . .. ... ... ... .. ..
5.5 Discussion & conclusions . . . . . . . . . ... e e e
5.A Validity of spectral convolution . . . . . . . . ... ... ... ... ...
5.B Radiometricdata . . . ... ... .. .. ... ...

A universal smartphone add-on for portable spectroscopy and polarimetry:

iSPEX 2
6.1 Introduction . . . . . . . . . . L
6.2 Working principle . . . . . . .. ...
6.2.1 Definitions . . . . . ... ...
6.2.2 SPEX polarisation modulation optics . . . . . . .. ... ... ...
6.3 Add-ondesign. . . . . .. ...
6.3.1 Opticaltube . . . . . .. ... L
6.3.2 Smartphoneclip . ... ... .. ... ... o
6.3.3 Smartphone backplate . . . . .. ... ... Lo
6.4 Production . . . . . . ...
6.4.1 Multi-order retarder foils . . . . . . .. ... L.
6.4.2 Injectionmoulding . . . ... ... ... L oL
6.43 3Dprinting . . . . . ...
644 Assembly . . . ... L
6.5 Data acquisition and processing . . . . . .. ...
6.5.1 Smartphoneapp . .. ... .. ...
6.5.2 Data pre-processing . . . . . ..o i e e i e e e
6.5.3 Wavelength calibration . . . . .. ... .. .. ... .........
6.5.4  Spectral response calibration . . . . . . ... ... L.
6.5.5 Polarimetric demodulation . . . . . ... ... oL
6.6 Future perspective . . . . . . . . . .. e e
6.6.1 Calibration & validation . . . . . ... ... ... ... ... ...
6.6.2 Scientific applications . . . . . . ... ...

6.6.3 Future opportunities . . . . . . . . . . ...

109
110
111
111
112
112
114
114
114
115
116
117
117
117
118
119
119
122
123



viii Contents

7 General discussion and future outlook 147
7.1 Uncertainty in remote sensingof water . . . . . . . .. ... ... ... ... 148
7.2 Accessibility of waterresearch . . . . . .. ... ... L L. 150
7.3 Spectropolarimetry of floatingdebris . . . . . . .. ... oL L. 152
7.4 Conclusions and recommendations . . . . . . . . . . .. ... .. ... ... 159

Bibliography 161

English summary 185

Nederlandstalige samenvatting 189

List of publications 193

Curriculum vitae 195

Acknowledgements 197



