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Abstract 
All countries are affected by natural hazards in different ways. The recently launched 

Synthetic Aperture Radar (SAR) Sentinel-1 A and B twin satellites provides large amounts of 

high-resolution radar data due to their, at most frequent, 6th day revisit time globally. The 

higher revisit times and data accuracies of the Senitnel-1 provides more information and 

knowledge which have been used by researchers for assessing the damage and extent of 

natural hazards. In this thesis, satellite time series have been created to investigate a possible 

improved flood extent detection using SAR Sentinel-1 data compared to using single radar 

products. Flooded areas were detected from low backscatter values and were found to range 

between -16 to -21 dB for the Norwegian study areas (Gudbrandsdalen and Birkeland) and 

between -20 and -25 dB for the study area located in India (Kerala). The study was conducted 

by processing VV polarized Sentinel-1 data for three different study areas before creating 

image stacks. False color composites were created to detect areas of change between the 

processed single and/or stacked products. The selected reference products to be composited 

were assigned the red band and the flood products the green and blue bands for all created 

composites. Areas of change were compared to derived Normalized Difference Water Index 

(NDWI), Height Above Nearest Drainage (HAND) and Change Detection and Thresholding 

(CDAT) calculations in addition to visual findings using optical Sentinel-2 and PlanetScope 

data. For the Gudbrandsdalen study area, the results showed an increased flood extent 

detected in the false color composites created using a single flood and a reference stacked 

products. The findings were supported by optical data, derived NDWI and HAND index 

calculations. By the work of this thesis, calculations derived from NDWI and CDAT proved 

to be useful tools for flood extent estimations and visual comparison against the created false 

color composites and optical findings. The HAND index was successfully used to detect 

features such as radar shadow in addition to investigating areas of likely inundation. The 

study successfully created an improved flood mapping method using satellite radar time 

series for assessing flood extents. 
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 1 

1 Introduction 
“Climate in Norway 2100”, a report by the Norwegian Centre for Climate Services (NCCS), 

projected the future climate for Norway up until the year 2100. The projected scenarios were 

based on RCP8.5 (emission scenario of greenhouse gases described as “business as usual”) 

and RCP4.5 (reductions after 2040) from the IPCCs (the Intergovernmental Panel on Climate 

Change) AR5 (Fifth Assessment Report). According to the NCCS report the annual 

precipitation will increase within the interval of 7 to 23 % (RCP8.5) and 3 to 14 % (RCP4.5), 

see Figure 1. The rainfall events were predicted to occur with higher frequencies and 

increased magnitude. Higher magnitudes were also estimated for the future flooding rains (I. 

Hanssen-Bauer, 2017).  

 
Figure 1 Annual precipitation given in % as deviation from 1971-2000 for Norway. Black curve: observations from 1900-
2014. RCP4.5 (scenario for emissions of greenhouse gases where we have reductions after 2040) and RCP8.5 (a “business 
as usual” scenario) are displayed by blue and red colors, respectively. Red and blue lines: median values. Black horizontal 
line displays the median projections. Right side box plots: projections for 2071-2100 (I. Hanssen-Bauer, 2017). 

Specifically, the NCCS estimated an increase in magnitude by as much as up to 60 % for rain 

flood dominated river systems (RCP8.5). The estimated increase in heavy rainfall is displayed 

in Figure 2, where “heavy rainfall“ was defined as “the 99.5th percentile for daily 

precipitation during 1971 to 2000” (I. Hanssen-Bauer, 2017). 
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Figure 2 Relative changes in number of days with heavy 1-day rainfall from 1971-2000 (in %). The map of Norway displays 
the amount of 1-day heavy rainfall for the period 1971-2000 (in mm). The box plots display predictions for 2031-2060 
(“2045”) and 2071-2100 (“2085”) for different regions based on emission scenario RCP4.5 (scenario for emissions of 
greenhouse gases where we have reductions after 2040) and RCP8.5 (a “business as usual” scenario), displayed by blue and 
red bars, respectively. Black horizontal lines: the median projections. Bottom right: a box plot of the whole mainland of 
Norway (I. Hanssen-Bauer, 2017). 

October 3rd, 2017 a Norwegian national newspaper, abc nyheter, published an article stating 

that a flood in southern-Norway caused more than 250 million NOK in damage (Figure 3). 

According to the article, the insurance companies received 2300 cases of flood-caused 

damages (NTB, 2017). Such news articles are not seldom for Norway. When searching for 

articles regarding floods in the database of Aftenposten (Norwegian newspaper) one finds 54 

hits of articles published between October 2014 and February 2019. Typically, these are 

articles regarding flood events causing closed roads, flooded houses and farms seen in 

addition to forecasts, safety measures and insurance cases (Aftenposten, 2019). When 

expanding the search to a world-wide search using the same period of time through the 
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International Charter Space and Major Disasters one gets 76 flood disaster hits, where the 

Norwegian flood events are not included (InternationalCharter, 2019). 

 

 
Figure 3 Flood by Drangsholt located between Kristiansand and Birkeland Oct. 2nd, 2017. Photographer: Tor Erik Schrøder 
/ NTB scanpix (NTB, 2017). 

Data from Synthetic Aperture Radar (SAR) satellites has been available since the launch of 

the European Space Agency (ESA) ERS-1 in 1991. In the following years there has been 

multiple SAR satellite missions (e.g. ALOS-1 and 2, Radarsat-1 and 2, Terra-SAR-X and 

KOMPSat-5) (UNAVCO, 2018). The recently launched Sentinel-1A (S1A) and Sentinel-1B 

(S1B) provide free and open-access radar imageries every sixth day worldwide (Winsvold et 

al., 2017). Compared to the earlier sensors the Sentinel-1 (S1) SAR satellite sensors provide 

higher spatial and temporal resolution, higher revisit times and/or larger global coverage 

(Dostálová et al., 2016). As the SAR systems use microwave sensors they have the advantage 

of penetrating rainfall and clouds, which is of high importance as these are typical weather 

conditions in flooded areas (Schlaffer et al., 2015). 
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1.1 Motivation 
According to Drusch et al. (2010) all countries are affected by different types of natural 

hazards, such as floods, forest fires, landslides and earthquakes. The constant growth of the 

world’s population along with our society developing have resulted in many areas not earlier 

inhabited and/or areas growing in population density to have an increased threat of being 

affected by these hazards. Natural hazards are a great threat to human lives and their 

properties in addition to possibly impacting our natural resources. Drusch et al. (2010) also 

states that an improvement in hazard management, being the prediction, monitoring, 

mitigation and response, is needed to reduce the impact of natural hazards. Satellite data is 

constantly being developed to better the mentioned hazard management. 

 

As Fisher (2015) stated “Clouds and their shadows are often a significant problem when 

conducting remote sensing of the earth´s surface as they can locally obscure surface features 

and alter reflectance”. Similar statements saying the usage of optical data for flood detection 

are often complicated due to cloud-cover are seen in other research as well. For example Gan 

et al. (2012) highlights the optical sensors being weather dependent and the possibility of 

clouds creating challenges when detecting surface changes such as floods. The paper, being a 

flood mapping research paper, also highlights the usage of SAR data as a possible solution as 

the radar sensors are weather independent. At the time of the research, the SAR Sentinel-1 

satellites was not missioned. According to Gan et al. (2012) the usage of SAR images 

involves more ambiguities than the more straight-forward visual interpretation of flooded 

areas using optical images. Some of the ambiguities are said to be speckle and pixel values. 

Pixel values of a SAR image is said to be dependent on factors such as geometric distortions, 

surface roughness and layover effects. 

 

As given by the introduction, data from SAR systems can be used to provide areal 

information in cloud covered areas during a hazard. Such information can lead to a quicker 

hazard response. The estimations by the NCCS report, the frequent news articles and the 

search through the International Charter Space and Major Disaster given highlight the 

importance of creating new, bettered and a picture as ground-true of a hazard situation as 

possible. 
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1.2 Aim 
As seen in the introduction, an increase in flood detection from SAR data using change 

detection can be expected as the available amount of data increase. To handle the large 

amount of SAR data being collected, easy, understandable and rather quick flood mapping 

methods are of importance. 

 

The aim of the research is to create an improved flood mapping method using satellite radar 

time series for assessing extent. 

 

1.3 Objectives 
The main objective of this study is to investigate the potentially improved flood extent 

mapping when using S1 time stacks compared to single products. Further, the test results are 

compared to optical flood mapping and the following three methods alternative to SAR-based 

methods: 

 

• Normalized Difference Water Index (NDWI) using Sentinel-2 (S2) optical data. 

• Height Above Nearest Drainage (HAND) derived from TanDEM-X DEM products. 

• Change Detection and Thresholding (CDAT): Change detected using S1 and S2 data. 

Thresholding defined using S1 products pixel values. 

 

In addition, optical imagery from S2 and PlanetScope will be used as comparison approaches 

in a visual manner. 

 

1.4 Outline 
The thesis will be structured using eight main Sections including the introduction section 

already presented. An overview of the sensors mainly focusing on the Sentinel-1 sensor is 

given in Section 2. Section 3 provides the theoretical background for the thesis. An overview 

of the study areas, the data selected per area and software used is given in Section 4. The 

methods applied and results derived from the selected data are laid out in Section 5 and 6, 

respectively. The discussion is given in Section 7, before the conclusion made is presented in 

Section 8. Additional data for the three selected study areas being Gudbrandsdalen, Birkeland 

and Kerala study area are presented in appendix I-III, respectively. An overview of all 
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sections and their subsections are shown by the Table of contents (TOC). As there are 

provided a great number of figures in the thesis, the reader is referred to the List of Figures 

for an overview of the figures and their corresponding page numbers. A List of Tables are 

also provided. 
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2 Overview of sensors 
This section provides an overview of the S1, S2, TanDEM-X and Planet sensors used for data 

acquisition. As the S1 data is the main focus of this research, this sensor will be the most 

explained one (Section 2.1). Data from the other sensors are only used for comparison and are 

not the focus of the work. Therefore, overviews of the S2, TanDEM-X and Planet sensors will 

be outlined only briefly (Section 2.2.-2.4). 

 

2.1 Sentinel-1 SAR 
The launch of S1, Figure 4, was initiated by the European Space Agency (ESA) and the 

European Commission as a part of the Global Monitoring for Environment and Security 

(GMES) Programme (meanwhile called Copernicus). The joint initiative was realized for 

frequent provision of global quality data. A satellite with higher revisit times and data 

accuracies which provided more knowledge, information and services was designed to 

support reaching Europe’s goals regarding sustainable development and environmental 

governance. Within the Copernicus programme the European Space Agency (ESA) was 

assigned to develop a European Radar Observatory, this being the S1. S1 is a satellite system 

orbiting the poles, meaning higher revisit times closer to the poles, sensing in C-band and 

providing frequent radar images (Attema, 2005). The Institute of Electrical and Electronics 

Engineers (IEEE) Radar Band Designations has designated the C-band to cover the 

wavelengths 15-7.5 cm which equals to 4-8 GHz (Campbell, 2018). 

 
Figure 4 S1 C-SAR instrument (ESA, 2019a). 
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ESA launched the identical S1A and B on April 3rd, 2014 and April 25th, 2015, respectively. 

Even though the satellites operational lifespan was set to seven years, the consumables are 

expected to last for 12. The mission objectives were land and marine monitoring, such as of 

water, soil, forests, agriculture, the maritime environment and icebergs, mapping support in 

crisis areas during natural disaster events such as floods and fires, forecasting ice sheet 

conditions, mapping oil spills, detecting sea vessels, high resolution ice charts and monitoring 

climate change. The missions have an orbit height of 693 km, an inclination of 98.18° and 

perform 175 orbits in 12 days per satellite. Meaning, S1 products are available every 6th day 

when using both S1A and B acquired data. The orbit is of sun-synchronous type, near polar 

and circular (ESA, 2019a). S1 products are acquired using Interferometric Wide Swath Mode 

(IW), Wave Mode (WV), Strip Map Mode (SM) and Extra Wide Swath Mode (EW) with a 

spatial resolution of 5 x 20, 5 x 20, 5 x 5 and 25 x 100 m, respectively. The modes swath 

widths are 250 km (IW), 20 x 20 km (WV), 80 km (SM) and 400 km (EW) (ESA, 2019a). 

Figure 5 provides an figurative overview of the S1 acquisition modes. 

 
Figure 5 S1 acquisition mode overview (ESA, 2019b). 
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The satellite antenna in the SAR system transmits and receives electromagnetic (EM) waves 

either vertically (V) or horizontally (H) polarized. Commonly, the received and transmitted 

signals create four polarizations (HH, VV, HV, VH) where the letters, respectively, describe 

the transmitter and receiver (Canada, 2014). IW, SM and EW products are available in single 

and dual polarizations, where, single being either VV or HH and dual being VV+VH or 

HH+HV. Only single polarization is available for WV (ESA, 2019e). Further, IW, WV, SM 

and EW are used to produce products at the following three levels: 

• Level-0 (L-0): Raw 

• Level-1 (L-1): Single Look Complex (SLC) or Ground Range Detected (GRD) 

• Level-2 (L-2): Ocean 

L-0 products are unfocused raw data. The L-1 SLC products are focused and geo-referenced 

products. The GRD products are available in either Full Resolution (FR), High Resolution 

(HR) or Medium Resolution (MR). These products are multi-looked, detected and projected 

using an Earth ellipsoid model (ESA, 2019f). An overview of the modes and the levels these 

modes can produce products are given in Figure 6. 

 

 
Figure 6 S1 acquisition modes (ESA, 2019f). 

 
Terrain Observation by Progressive Scans SAR (TOPSAR) is a type of multi-swath Scanning 

SAR (ScanSAR). ScanSAR is an acquisition technique where the antenna-beam points to 
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different sub-swaths by switching elevation. Figure 7 (a) display an example of three sub-

swaths using the following abbreviations: 

• TF: Footprint Time of the antenna 

• TD: Dwell Time (factor of the sensor constantly moving along the sensor-track) 

• TR: Cycle Time (the time per cycle) 

The number of looks are given as the ratio TF divided by TR (number of looks are given as the 

calculated integer, removing any decimals), and high resolution is given by a low number of 

looks. The technique provides wide-coverage products. For TOPSAR, the antenna is rotated 

in a forward-backward direction creating along-track-swaths, being the opposite of the cross-

track-swaths for ScanSAR. The TOPSAR products are composited by several long sub-swath-

strips. Again, an example of three sub-swaths are given in Figure 7 (b) (De Zan & Guarnieri, 

2006). 

 
Figure 7 ScanSAR (a) and TOPSAR (b) techniques (De Zan & Guarnieri, 2006). 
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2.2 Sentinel-2 
Sentinel-2 is an optical Earth observation mission acquiring high resolution multi spectral 

imagery using large swaths (290 km). As with S1, the S2 system constitutes two identical 

satellites, they are developed by ESA within the Copernicus programme and orbits sun-

synchronous at the opposite side of the orbit (Figure 8). S2 orbits at 786 km of altitude with a 

revisit time of five days at the equator (Drusch et al., 2012). S2 was commissioned to provide 

geographic information on local to world-wide scales. Information regarding monitoring of 

water, forest, vegetation, natural resource and spatial planning were some of the mission aims 

(ESA, 2019g). The products are acquired using a Multi Spectral Instrument (MSI). A number 

of 13 spectral bands from Visible and Near-Infrared (VNIR) to Shortwave-Infrared (SWIR) 

are used by the MSI to measure the radiance reflected from the Earth’s surface. The products 

are acquired with a spatial resolution of 10 to 60 m (ESA, 2019c). Five different product 

levels are available: Level-0, Level-1A, Level-1B, Level-1C and Level-2A. The first three 

levels cover tiles of 25 km x 23 km and 100 km tiles for the latter two. Products at Level-1C 

and Level-2A are orthorectified using a UTM/WGS84 projection (ESA, 2019g). Level-1C 

products were selected for the work of this thesis. This level provides orthorectified products 

using a Top-Of-Atmosphere (TOA) reflectance (ESA, 2019i). 

 

 
Figure 8 Orbit overview of the Sentinel-2 satellite (Drusch et al., 2012). 
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2.3 TanDEM-X 
The TanDEM-X (TDX) satellite was primarily commissioned to produce global high 

accuracy Digital Elevation Models (DEMs). The satellite is a TerraSAR-X add-on for Digital 

Elevation Measurement. Financed by DLR and Airbus Defence & Space the satellite was 

missioned in 2010. The acquisition phase lasted four years, meaning the TanDEM-X DEM 

products are derived from multiple acquisitions between December 12th, 2010 and January 

16th, 2015. The DEM products are available with a pixel spacing of 0.4, 1 and 3 arc seconds 

(DLR, 2018b). An arc second equals the time spent while travelling 1/3600th of one degree 

traversed on the earth’s surface in a latitude or longitude direction (Esri, 2019b). 

 

2.4 PlanetScope 
PlanetScope is one of three Earth-imaging constellations operated by Planet, RapidEye and 

SkySat being the other. PlanetScope scenes (single frame images) are acquired using either a 

single or split frame. A single frame covers the red, green and blue spectral bands. The split 

frame has an addition of near infrared (NIR) to the red, green and blue (RGB) bands, using a 

NIR half and RGB half. Global images from the approximately 130 PlanetScope satellites are 

available on a daily basis, meaning, the satellites have the capacity to cover 200 million km2 

daily. The satellites are a CubeSat 3U form factor (10 x 10 x 30 cm). PlanetScope orbits at 

400 (International Space Station) and 475 (Sun Synchronous) km altitude. Selected products 

of this thesis work were acquired using the latter. Three product processing levels are 

available for the satellites, being Level 1B, 3B and 3A. Level 1B products are scaled at the 

sensor using a TOA Radiance and sensor distortion corrected. Table 4, 8 and 12 (Section 

4.3.1-4.3.3) display all PlanetScope products selected at Level 3B. These products are 

orthorectified, scaled using TOA at the sensor, have scene-based framing and are 

cartographically projected. Another option available is scaling using Surface Reflectance. 

Products at Level 3A are radiometric and sensor corrected in addition to them being 

orthorectified and UTM projected (Planet, 2019). 
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3 Theoretical background 
An overview of previous studies and existing theory relevant for this thesis is given by the 

following sub-sections. These sections were written with the aim of providing the reader a 

clearer understanding of the selected products and methods of this thesis based on the given 

radar signal theory, applied methods and comparison approaches previously used by 

researchers. 

 

3.1 Radar signal 
Relevant literature on the radar signal is sectioned by polarizations (Section 3.1.1) and 

backscatter values (3.1.2). This theoretical background is given to provide an indication of 

what product polarizations to be selected and what backscatter values to expect for the later 

derived results. 

 

3.1.1 Polarizations 
According to Antonova et al. (2016) floods can easily be detected when a SAR system receive 

low backscatter values as open water behaves as a specular reflector of SAR signals if the 

water appears still. A change in atmospheric conditions, even slightly, to windy, might cause 

the surface to occur rough. As a surface water roughness will create an increase in backscatter 

signals, discriminating between flooded and non-flooded areas may thereby be difficult 

(Antonova et al., 2016). 

 

When Manjusree et al. (2012) studied the backscatter of water bodies in all four polarizations 

it was observed that the polarized signal least scattered by the flooded area was seen in the 

HH polarized signal. Using HV and VH polarizations was found to be adequate. VV 

polarization appeared to be more sensitive to roughness in the surface water. Hereby, the HH 

was found to be the most suitable choice as the boundaries between flooded and non-flooded 

areas was easier to discriminate. He also states that it is a possibility to use the VV 

polarization to observe partially submerged features (e.g. roads and railways) in flooded areas 

(Manjusree et al., 2012). 

 

A flood mapping study based on Envisat multi-polarized Advanced SAR (ASAR) data 

published in 2006 by Henry et al. (2006) had the similar concluding remarks. As Manjusree et 
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al. (2012), Henry et al. (2006) states the use of HH polarization was more suitable for flood 

distinguishing. He also concludes that the VV is highly sensitive to changes in surface water 

conditions. However, he states that the HV should be used together with the HH for flood 

detection as the HV improves the HH data (Henry et al., 2006). A study by Clement et al. 

(2018) mirrors the conclusions made for the VV polarization. The report shows only a slightly 

improvement in the VV compared to the VH polarization (Clement et al., 2018). 

 

Twele et al. (2016) conducted a Sentinel-1-based flood mapping study where accuracies of 

the VV and VH polarizations were assessed. These polarizations were considered as the 

standard Sentinel-1 IW polarizations by the authors. The study concluded that higher overall 

accuracies was achieved for the VV compared to the VH-polarized data. 

 

Due to the slight result improvements and higher accuracies given above the single Sentinel-1 

VV-polarized data are selected for the current study and are given in Section 4. 

 

3.1.2 Backscatter values 
Backscatter is described as the amount of returned energy measured by the radar sensors as 

the EM waves are received by the satellite antenna. Flooded areas with flat surfaces are 

distinguished by their dark color due to low backscatter. In comparison, rough surfaces, such 

as vegetation or boulder dominated areas appear light due to high backscatter (Manjusree et 

al., 2012). Visual interpretation of SAR images for large-scale flooded areas is thereby 

possible, as the flooded areas will be seen as large dark toned areas, example given in Figure 

9. 
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Figure 9 Figure a): Seven River (UK) ASAR flood scene (July 23rd, 2007). Figure b): ASAR reference scene (Aug. 22nd, 
2005). Green triangle: raingauge location. Left-side legend: backscatter values in dB for figure a and b. Figure c): HAND 
index, description (in m) given by right-side legend. Bottom right: study area overview-map. Figure modified after Schlaffer 
et al. (2015). 

Manjusree et al. (2012) observed different backscatter values for the different water bodies in 

their study. The study showed a potential delineation between flood water, river water, tank 

water, lake water and partially submerged features based on different backscatter values. All 

four polarizations were investigated for all water features. Backscatter of flood water were 

found to range from -8 decibel (dB) to -12 dB in HH, -6 dB to -15 dB in VV and -15 dB to -

24 dB in both HV and VH. Flood water had a higher range in all polarizations compared to 

the aforementioned water bodies. The researchers explained the higher range (high 

backscatter) to be an effect of the naturally noisier surface of flooded water. The study 

identified river, tank and lake water by low backscatter values due to calmer surface water 

conditions in the study area. 
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Schlaffer et al. (2015) showed backscatter values ranging from -8 dB to -13 dB for one study 

site and 0 dB to -13 dB for a second site. The study results, created by using VV polarization, 

showed differing backscatter dynamics for the two flooded study sites (Schlaffer et al., 2015). 

Manjusree et al. (2012) described all the other water bodies to be ranging below the flood 

water backscatter threshold except the partially submerged features in VV. As the results of 

the two studies had backscatter values ranging higher than -16 dB (which according to 

Manjusree et al. (2012) is where the values of the other water bodies start) the flooded areas 

could be separated from other water bodies by the higher backscatter values for flooded areas. 

 

3.2 Previously applied methods 
The previously applied methods found most frequently used by other researchers for change 

detection were color composites (Section 3.2.1), NDWI (3.2.2), HAND (3.2.3) and CDAT 

(3.2.4). 

 

3.2.1 Color composites 
Dostálová et al. (2016) used false color composites to present VV and VH polarization 

backscatter and their differences in their study. The study was based on using Sentinel-1 data 

for forest area derivation. They assigned the VV polarization backscatter the red band, VH the 

green band and their difference the blue band. According to the study, forested areas have a 

relatively high backscatter in both bands, but especially in VH. Thereby, green was assigned 

the VH band to create forest detection. A forest mask was created using the detected forested 

area. The paper concludes that Sentinel-1 data has high potential for change detection 

mapping of forested areas. 

 

Perrou et al. (2018) created color composites by assigning three processed SAR images 

different in time a red, green or blue (RGB) color. They used RGB combinations of same 

polarizations at different times of the year. The researchers formed an RGB, multitemporal 

SAR image, using image stacks of November, December and January acquired images to be 

represented by red, green and blue, respectively, to create Temporal Differentiate Images 

(TDI). As a result of the composite, the backscatter intensity of an area is represented by the 

selected color for the particular time the images were acquired (Perrou et al., 2018). Makinde 

and Oyelade (2018) also included an RGB composite in their study where Sentinel-1 SAR 

images were used for land cover mapping of Lagos State, Nigeria. 
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Details of the methods as implemented for the current study are given in Section 5.3. 

 

3.2.2 NDWI 
McFeeters (1996) developed the Normalized Difference Water Index (NDWI) as a method for 

delineating open water features and enhance the presence of such in remotely sensed optical 

imagery. According to the paper, the green and near infrared (NIR) bands of an optical 

product could be used to calculate the NDWI by the following formula: 

 

𝑁𝐷𝑊𝐼 =
(𝐺𝑅𝐸𝐸𝑁 − 𝑁𝐼𝑅)
(𝐺𝑅𝐸𝐸𝑁 + 𝑁𝐼𝑅) 

Equation 1 (McFeeters, 1996) 

GREEN being the visible green band covering the green light wavelength was selected to 

maximize the reflectance of typical water features. The NIR band was selected as it 

minimizes the reflectance from water features while there is a high terrestrial and soil feature 

reflectance. When performing Equation 1 water features will have positive NDWI values due 

to their typically higher reflectance of green light than NIR. When removing the negative 

values using an image processing software, the NDWI range is zero to one (McFeeters, 1996). 

 

The NDWI method by McFeeters (1996) has been used by several researchers for water 

feature delineation subsequently. Chandranth et al. (2003) used the method to delineate 

surface waterlogged areas, an adaptive water extraction method was based on the NDWI 

using remotely sensed images in a study of Qiao et al. (2012) and Jovanovic et al. (2014), 

who conducted a study where they used ground measurements to validated remotely-sensed 

evapotranspiration and NDWI. 

 

Details of the methods as implemented for the current study are given in Section 5.7. 

 
3.2.3 Height Above Nearest Drainage (HAND) 
The Height Above Nearest Drainage (HAND) index was used by Schlaffer et al. (2015) for 

masking out areas that were defined as very unlikely to be flooded. An example is given in 

Figure 9 (Image c) where the highest and lowest areas above the nearest drainage are given by 

red and blue masking-color showing the least and most likely areas to be flooded, 

respectively. HAND was based on the stream network in the area of interest defined by the 
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hydrologically determined flow direction for each cell or pixel. As result of using HAND, 

areas of satellite shadowing were removed to avoid false flood classifications (these areas can 

often look similar to flooded areas as they appear dark). The masking also resulted in 

improving the efficiency of the thresholding algorithm. Another effect of using the HAND 

index was a clearer visual contrast in the grey-scale figures, providing an easier interpretation 

for the eye (Schlaffer et al., 2015). Clement et al. (2018) used the HAND index to avoid 

features in the lowlands, such as riverbanks, to be removed by filters. 

 

Details of the methods as implemented for the current study are given in Section 5.8. 

 

3.2.4 Change Detection and Thresholding (CDAT) 
Long et al. (2014) developed a method for detecting inundated areas of SAR imagery called 

change detection and thresholding (CDAT). The method was described to be straightforward 

and suggested to be used for a development of an automatic flood change detection method. 

The study highlights the importance of the flooded image and the reference image to be close 

in dates for optimal results. Long et al. (2014) based the study on ENVISAT/ASAR and 

Radarsat-2 images. As the method was created before the acquisition of Sentinel-1 imageries, 

the costs of SAR imageries and revisit-times were described as restrictions. However, they 

successfully mapped seasonal floods over four years by using the CDAT method. 

 

Recently, the CDAT method was adapted and tested in a flood mapping extent study by 

Clement et al. (2018) using Sentinel-1 SAR images. The adapted method included an 

additional step of removing misclassification (based on seasonal changes in land cover) and 

better fits for filtering compositions and processes. As Long et al. (2014) achieved total 

accuracies of 77.1% to 91.7% and Clement et al. (2018) 97.0% to 97.4% (the accuracies apply 

for VH and VV polarizations for both studies) the adapted CDAT method was described as 

improved. The CDAT method was, again, recommended to be used as an automatic 

monitoring tool for floods in near-real time (Clement et al., 2018). 

 

Details of the methods as implemented for the current study are given in Section 5.9. 
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3.3 Comparison approaches 
Previous and existing comparison approaches used in the studies are presented by the 

following. 

 

Schlaffer et al. (2015) used optical airborne imageries to manually create a high-resolution 

flood map. The flooded areas of the created map were used for validation of the flooded areas 

identified in the SAR created map. A cell in the SAR image was considered flooded if the 

corresponding area in the high-resolution image had flood covering at least 50 % of the SAR 

cell. All grid cells were validated using this approach. Further, the accuracy of urban and open 

areas was validated by deriving more specific landcover classes from the coordination of 

information on the environment (CORINE) land cover (CLC) database from 2006 (Schlaffer 

et al., 2015). The EU originally initiated the CLC in 1985, today the European Environment 

Agency (EEA) controls the databases. The CLC database contains 44 land cover classes that 

can be used to classify most of the European continent. These landcover classes are useful for 

scientific studies as they provide a standard classification, thus making comparison between 

studies easier (EEA, 1995). 

 

The Environment Agency Flood Map for Planning (EA FMP) was used in the study by 

Clement et al. (2018) for validation of the identified flooded areas. EA FMP contains 

modelled areas that are most likely to be flooded during a flood event. Commonly these 

events are divided according to their return period frequency. If a flood statistically has a 

return period of occurring once per 100 years it would be named a 100-year flood, and so on. 

According to Clement et al. (2018) there was reported 100-year flood events in UK rivers 

during the 2015-2016 winter. The extent of the SAR-derived floods was compared with the 

EA FMP for validation. The EA FMP was used for outlining the flood-inundated areas, areas 

protected by flood defenses and areas of stored flood water. SAR-derived flood mapping was 

found to agree with the EA FMP for fluvial floods. When comparing with the SAR-derived 

flooded areas, the predicted EA FMP were concluded to present good flood estimations for 

fluvial areas. Inaccuracies appeared in pluvial flooded areas as the EA FMP does not include 

identification of such areas. Suggestions were made by Clement et al. (2018) on improving 

the methodology for validation of pluvial flooded areas. 
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Antonova et al. (2016) used optical satellite stereo imagery as a tool for retrieving additional 

surface condition information where needed at some study sites. When mapping flood extents 

for Namibia, Long et al. (2014) validated their mapping results by visually inspecting optical 

imagery. This method was used as the options for ground-truthing in the region of interest 

were limited. As seen in previous sections, Long et al. (2014) used the CDAT method for 

identifying flood extent. The visual interpretations of optical imagery were found to 

correspond well with the SAR-derived flood extent. Similar validation was used by 

Manjusree et al. (2012) where optical imagery was used to validate defined threshold values 

derived from SAR backscatter values. 
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4 Study areas and data 
Three datasets over flood events, different in time and space were used in this study. The 

events were chosen due to their different flood-type classifications. One event being a spring-

flood event solely caused by snow melt in the highland (Gudbrandsdalen study area), a 

second being an autumn-flood resulting from heavy rainfall (Birkeland study area) and a third 

being a monsoon-flood caused by heavy rainfall (Kerala study area). 

 

Gudbrandsdalen (study area i) and Birkeland (j) study area are displayed in Figure 10 

(locations in Norway). Figure 11 display Kerala (k) study area (located in India). The figures 

also display one corresponding S1 flood product per site for exemplification. 

 
Figure 10 Overview-map of study area i and j represented by yellow squares. S1 flood images are given for both areas (black 
and white images to left). Esri world imagery used as basemap. Map created using ArcMap. S1 products are produced from 
ESA remote sensing data. 

Study area i 

Study area j 
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Figure 11 Overview-map of study area k represented by yellow square. S1 flood image are given for the area (black and 
white image to left). Esri world imagery used as basemap. Map created using ArcMap. S1 product is produced from ESA 
remote sensing data. 

 
4.1 Data access 
Accessed data used in this thesis is given in Section 4.1.1-4.1.3. Except the PlanetScope data, 

all data used is open source. How and where the data was accessed is explained by the 

following sub-sections. 

 

4.1.1 Sentinel-1 data 
The S1 products was downloaded from https://scihub.copernicus.eu through the Copernicus 

Open Access Hub. A user was created to access the products to be downloaded. Area Mode 

was used to draw rectangles covering the study areas, one at a time, before inserting the 

Study area k 
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search criteria by using the Advanced Search box. For study area i, j and k the sensing period 

was selected to range from April 1st - June 30th, 2018, August 1st – November 30th, 2017 and 

January 1st – October 30th, 2018, respectively. The Mission: Sentinel-1 checkbox was 

checked, and the following criteria were used for all S1 products: GRD (Product Type), VV 

(Polarization) and IW (Sensor Mode). In addition, the Relative Orbit Numbers 44, 117 and 

165 were selected for study area i, j and k, respectively. The Relative Orbit Numbers were 

chosen based on the Relative Orbit Number of the flooded images obtained by investigating 

the available products for download. Figure 12 displays some of the products available for 

study area i where all the criteria mentioned is considered. The selected area and the products 

extension are given by orange and red boxes, respectively. Two red squares are seen due to 

difference in clipping between the S1A and B products. Selected products were then 

downloaded (two products at a time due to website restrictions) in SAFE format as zipped 

files. 

 
Figure 12 Copernicus Open Access Hub product download (ESA, 2019d). 

 
4.1.2 Sentinel-2 data 
As for the S1 data, the S2 data was downloaded through the Open Hub. Again, using 

Advanced Search, the sensing periods were selected to cover the time of the flood events. For 

the Norwegian study areas (i and j) this meant a maximum search window of one week due to 

their shorter flood period. A search window of two months was used for the Indian flood 
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event as this was a monsoon flood having a longer period of flooding and being affected by 

heavy cloud cover. S2 flood products acquired at the same date as the S1 flood products were 

searched for. In addition, dry images hereafter referred to as reference images were selected 

for all three sites. Due to seasonal change in Norway, the S2 product acquired closest to the 

flood event at study site i and j were chosen as reference images. A reference image acquired 

in January was selected at study site k. The selected k reference image was based on weather 

statistics for Kadikkād village located in the state of Kerala (India). According to the 

statistics, January and February have a zero precipitation normal (Yr, 2019). The S2 product 

search was performed by selecting Sentinel-2 as Mission and S2MSI1C as Product Type (see 

Section 2.2 for explanation and sensor overview). All products were downloaded containing 

all 13 spectral bands even though the only bands used for further analysis was the visible red, 

green and blue bands. 

 

4.1.3 DEM data 
TanDEM-X 90m DEM data was downloaded from https://geoservice.dlr.de/TDM90/. A user 

was created at https://sso.eoc.dlr.de/pwm-tdmdem90/ prior to product downloading. Tiles 

covering the study areas were selected by navigating the world-map. An overview of this 

process and the selected products are given in Figure 13. 

 

 
Figure 13 TanDEM-X 90m DEM product download (DLR, 2018a) . 
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4.1.4 PlanetScope data 
The PlanetScope data was accessed through https://www.planet.com. Three bands, being red, 

green and blue (RGB) are given per PlanetScope product. All products were selected at level 

3B. As for the S2 products, the PlanetScope products are orthorectified using TOA radiance. 

 

4.2 Software used 
Software used for processing, calculations and visualizing the selected data presented by the 

tables of the following Section 4.3 are presented in Section 4.2.1 (SNAP) and 4.2.2 (ArcMap). 

 

4.2.1 SNAP 
SNAP is an open-source software distributed by ESA downloaded though 

https://step.esa.int/main/download/snap-download/. Toolboxes for Sentinel-1 (S1TBX) and 

Sentinel-2 (S2TBX) was selected to be included when installing the software. The installation 

also included Sentinel-3 (S3TBX), SMOS and PROBA-V toolboxes even though these tools 

were not used for the work of this thesis (ESA, 2019h). 

 

The S1TBX and S2TBX was used to process the downloaded S1 and S2 products. Specifics 

of the selected S1 data are presented in Table 1, 5 and 9 (Section 4.3-4.5). Table 2, 6 and 10 

provides the specifics for the selected S2 data. 

 

Details of the software as used for the current study are given in Section 5.1 (Sentinel-1 

product processing) and 5.5 (Sentinel-2 product processing). 

 

4.2.2 ArcMap 
ArcMap is a software package of ArcGIS desktop, GIS being Geographical Information 

System, developed by the Environmental Systems Research Institute (ESRI). ArcMap is 

created mainly for data visualization using maps, spatial analysis performance and geographic 

data management (Esri, 2019). 

 

Details of the software as used for calculating NDWI and HAND in the current study are 

given in Section 5.7 and 5.8, respectively. In cases where ArcMap was used when creating 

maps this will be included in the figure caption. 
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4.3 Study areas 
Geographic locations and selected data for Birkeland, Gudbrandsdalen and Kerala study area 

are given in Section 4.4.1-4.4.3, respectively. Overview maps including the selected sub-

study areas are given for all three. The data selected per study area is given as tables. 

 

4.3.1 Gudbrandsdalen study area 
Gudbrandsdalen study area is located in Oppland county. The area spans over two 

municipalities, Sør-Fron and Ringebu, both located in Gudbrandsdalen valley. An overview 

map of the study area is given in Figure 14. As seen by the map, the Gudbrandsdalslågen river 

runs through the area in a curved direction from North-West to South-East. Each sub-study 

area (i1-i3) cover an area of ~ 1 km2 and is represented by yellow squares including labelling. 

The study area is also referred to as study area i, as the sub-study areas are named i1-i3. 
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Figure 14 Overview map of Gudbrandsdalen study area created using S2 RGB composite image acquired May 14th, 2018 
displaying sub-study area i1-i3. Processed in SNAP and visualized in ArcMap. Produced from ESA remote sensing data. 

Selected radar (S1), digital elevation models (TanDEM-X) and optical (S2 and PlanetScope) 

data are given in Tables 1-4. As seen by the tables the selected S1 and S2 products have a 

resolution of 10 x 10 m. A 3 x 3 m resolution is given for the PlanetScope products. A pixel 

spacing of 3 arcsec for the selected Tan-DEM-X DEM data represents a latitude and longitude 

pixel spacing of 93m (3.0 arcsec) and 93 to 63m (6.0 arcsec), respectively (DLR, 2019). 
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Table 1 S1 products selected for Gudbrandsdalen study area. 

Study Area Time 

Code 

Date of 

Acquisition 

Sensor 

Mode 

Product 

Type 

Pass 

Direction 

Polarization Pixel 

Spacing 

Satellite 

Platform 

Relative 

Orbit 

Number 

Before flood event April 2nd 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

April 8th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

April 14th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

April 20th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

April 26th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

May 2nd 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

May 8th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

Flood event May 14th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

After flood event May 20th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

May 26th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

June 1st 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

June 7th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

June 13th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

June 19th 2018 IW GRD Ascending VV 10 x 10 m S1B 44 

June 25th 2018 IW GRD Ascending VV 10 x 10 m S1A 44 

 
Table 2 S2 products selected for Gudbrandsdalen study area. 

Study Area Time 

Code 

Date of 

Acquisition 

Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Satellite 

Platform 

Relative Orbit 

Number 

Before flood event May 8th 2018 S2MSI1C Descending 10 x 10 m * S2A 8 

Flood event May 14th 2018 S2MSI1C Descending 10 x 10 m * S2A 94 

* S2 data includes 11 bands. Band 2 (blue), 3 (green) and 4 (red) has a spatial resolution of 10 x 10 meters and are the only bands used in this 

thesis. 

 
Table 3 TanDEM-X 90m (3arcsec) DEM products for Gudbrandsdalen study area. 

Product Name DEM product Pixel Spacing Reference System 
TDM1_DEM_30_N61E008_V01_C TanDEM-X DEM 3 arcseconds WGS84 
TDM1_DEM_30_N61E010_V01_C TanDEM-X DEM 3 arcseconds WGS84 

 
Table 4 PlanetScope products selected for Gudbrandsdalen study area. 

Study Area Time 

Code 

Date of 

Acquisition 

Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Product level Reference 

System 

Before flood event May 10th 2018 AnalyticMS Descending 3 x 3 m 3B WGS84 

Flood event May 13th 2018 AnalyticMS Descending 3 x 3 m 3B WGS84 

 

4.3.2 Birkeland study area 
Birkeland study area is located around Topdalselva river area starting in Flakksvann lake, 

Birkeland municipality, and ending at Kristiansand airport area where the river ends in the 

sea. The area is given in Figure 15. The area spans Aust- and Vest-Agder county. Each sub-
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study area (j1-j3) covers an area of ~ 2.5 km2. The sub-study area locations are given by 

yellow squares and associated labelling. The study area is also referred to as study area j as 

the sub-study areas are named j1-j3. 

 
Figure 15 Overview map of Birkeland study area created using S2 RGB composite image acquired Nov. 19th, 2017 
displaying sub-study area j1-j3. Processed in SNAP and visualized in ArcMap. Produced from ESA remote sensing data. 

Tables 5-8 display the selected radar (S1), digital elevation models (TanDEM-X) and optical 

(S2 and PlanetScope) data. A pixel spacing of 3 arcseconds for the selected Tan-DEM-X 

DEM data represents a latitude and longitude pixel spacing of 93m (3.0 arcsec) and 90 to 69m 

(4.5 arcsec), respectively (DLR, 2019). 
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Table 5 S1 products selected for Birkeland study area. 

Study Area Time 

Code 

Date of 

Acquisition 

Sensor 

Mode 

Product 

Type 

Pass 

Direction 

Polarization Pixel 

Spacing 

Satellite 

Platform 

Relative 

Orbit 

Number 

Before flood event August 4th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

August 10th 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

August 16th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

August 22nd 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

August 28th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

September 3rd 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

September 9th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

September 15th 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

September 21st 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

September 27th 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

Flood event October 3rd 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

After flood event October 9th 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

October 15th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

October 21st 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

October 27th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

November 2nd 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

November 8th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

November 14th 2017 IW GRD Ascending VV 10 x 10 m S1A 117 

November 20th 2017 IW GRD Ascending VV 10 x 10 m S1B 117 

 
Table 6 S2 products selected for Birkeland study area. 

Study Area Time 

Code 

Date of Acquisition Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Satellite 

Platform 

Relative Orbit 

Number 

Flood event October 3rd 2017 S2MSI1C Descending 10 x 10 m * S2A 51 

October 5th 2017 S2MSI1C Descending 10 x 10 m * S2B 8 

After flood event November 19th 2017 S2MSI1C Descending 10 x 10 m * S2A 8 

* S2 data includes 11 bands. Band 2 (blue), 3 (green) and 4 (red) has a spatial resolution of 10 x 10 meters and are the only bands used in this 

thesis. 
 
Table 7 TanDEM-X 90m (3arcsec) DEM products for Birkeland study area. 

Product Name DEM product Pixel Spacing Reference System 
TDM1_DEM_30_N58E008_V01_C TanDEM-X DEM 3 arcseconds WGS84 

 
Table 8 PlanetScope products selected for Birkeland study area. 

Study Area Time 

Code 

Date of Acquisition Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Product level Reference 

System 

Flood event October 4th 2017 AnalyticMS Descending 3 x 3 m 3B WGS84 

October 5th 2017 AnalyticMS Descending 3 x 3 m 3B WGS84 

 

 



 31 

4.3.3 Kerala study area 
Kerala study area is located at the South-Western Malabar coast in the state of Kerala. The 

area reaches from Bharathappuzha river in the North to Periyar river in the South. An 

overview map is given in Figure 16 where sub-study area k1-k3 is represented by yellow 

squares. Each sub-study area covers an area of ~ 72.3 km2. The study area is also referred to 

as study area k as the sub-study areas are named k1-k3. 

 
Figure 16 Overview map of Kerala study area created using S2 image acquired Jan. 22nd, 2018 displaying sub-study area 
k1-k3. Processed in SNAP and visualized in ArcMap. Produced from ESA remote sensing data. 

Selected radar (S1), digital elevation models (TanDEM-X) and optical (S2 and PlanetScope) 

data are given in Tables 9-12. A pixel spacing of 3 arcseconds for the selected Tan-DEM-X 
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DEM data represents a latitude and longitude pixel spacing of 93m (3.0 arcsec) and 93 to 60m 

(3.0 arcsec), respectively (DLR, 2019). 

 
Table 9 S1 products selected for Kerala study area. 

Study Area 

Time Code 

Date of 

Acquisition 

Sensor 

Mode 

Product 

Type 

Pass 

Direction 

Polarization Pixel 

Spacing 

Satellite 

Platform 

Relative 

Orbit 

Number 

Before flood 

event 

January 5th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

January 17th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

January 29th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

February 10th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

February 22nd 2018 IW GRD Descending VV 10 x 10 m S1A 165 

May 17th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

May 29th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

June 10th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

June 22nd 2018 IW GRD Descending VV 10 x 10 m S1A 165 

Flood July 4th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

July 16th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

July 28th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

August 9th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

August 21st 2018 IW GRD Descending VV 10 x 10 m S1A 165 

August 27th 2018 IW GRD Descending VV 10 x 10 m S1B 165 

After flood 

event 

September 2nd 2018 IW GRD Descending VV 10 x 10 m S1A 165 

September 14th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

September 26th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

October 8th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

October 20th 2018 IW GRD Descending VV 10 x 10 m S1A 165 

 
Table 10 S2 products selected for Kerala study area. 

Study Area Time 

Code 

Date of Acquisition Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Satellite 

Platform 

Relative Orbit 

Number 

Before flood event January 22nd 2018 S2MSI1C Descending 10 x 10 m * S2A 62 

Flood event August 10th 2018 S2MSI1C Descending 10 x 10 m * S2A 62 

August 20th 2018 S2MSI1C Descending 10 x 10 m * S2A 62 

August 25th 2018 S2MSI1C Descending 10 x 10 m * S2B 62 

August 30th 2018 S2MSI1C Descending 10 x 10 m * S2A 62 

* S2 data includes 11 bands. Band 2 (blue), 3 (green) and 4 (red) has a spatial resolution of 10 x 10 meters and are the only bands used in this 

thesis. 

 
Table 11 TanDEM-X 90m (3arcsec) DEM products for Kerala study area. 

Product Name DEM product Pixel Spacing Reference System 
TDM1_DEM_30_N10E075_V01_C TanDEM-X DEM 3 arcseconds WGS84 
TDM1_DEM_30_N10E076_V01_C TanDEM-X DEM 3 arcseconds WGS84 
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Table 12 PlanetScope products selected for Kerala study area. 

Study Area Time 

Code 

Date of Acquisition Product 

Type 

Pass 

Direction 

Spatial 

Resolution 

Product level Reference 

System 

Flood event August 21th 2018 AnalyticMS Descending 3 x 3 m 3B WGS84 
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5 Methods 
The methodology for the current study is presented in Section 5.1-5.9. Section 5.1-5.4 and 5.9 

are S1 based methods. Methods using S2 and TanDEM-X products are presented in Section 

5.5-5.7 and 5.8, respectively. 

 

5.1 Sentinel-1 product processing 
The downloaded “.zip” products, given in Section 4.1.1, were opened and processed using 

SNAP. The processing is given in 4 steps. A flowchart displaying the S1 SNAP processing is 

shown in Figure 17. 

 
Figure 17 Flowchart of S1 processing performed using SNAP. 

 
Step 1 – Subsets 

Prior to the processing, subsets were created for all images as the downloaded products cover 

greater areas than the selected study areas. Example displayed in Figure 12 showing study site 

i where the study area and the full-sized products are represented by orange and transparent 

red squares, respectively. Subsets were created using the GraphBuilder tool. The graph was 

built using the operators Read, Subset and Write. The created graph was saved as an .xml file 

and the geoREGION section was edited according to the study areas coordinates detected 

using https://arthur-e.github.io/Wicket/sandbox, with outputs given as polygons. One .xml file 

was created per study area. Subsets were created to generate shorter processing times for the 

following processing step 2-4.  

 

The following polygons, given in longitude/latitude pairs, were used: 

I. Study area i (Gudbrandsdalen) 

S1	download

Subsets

Calibration

Terrain	correction

Coregistration
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9.895504197159084 61.58911350396015, 10.28963871864346 61.58911350396015, 

10.28963871864346 61.4069352936176, 9.895504197159084 61.4069352936176, 

9.895504197159084 61.58911350396015 

 

II. Study area j (Birkeland) 
8.027152556496276 58.34560387142081, 8.280524748879088 58.34560387142081, 

8.280524748879088 58.1881425798702, 8.027152556496276 58.1881425798702, 

8.027152556496276 58.34560387142081 

 

III. Study area k (Kerala) 
75.8940631575631 10.875159497302423, 76.45299260092247 10.875159497302423, 

76.45299260092247 10.178472313339803, 75.8940631575631 10.178472313339803, 

75.8940631575631 10.875159497302423 

 

Step 2 - Calibration 

After creating subsets, all subset-images were calibrated using the Calibrate tool located in the 

Radar toolbox in the Radiometric subfolder. Under Processing parameters, the output was 

selected to be given in sigma0 band. 

 

Step 3 – Terrain Correction 

Range-Doppler Terrain Correction located under Geometric in the Radar toolbox in the 

subfolder Terrain Correction was selected for terrain correcting the calibrated products. 

ACE30 DEM was selected for study area i and k where the downloaded TanDEM-X DEM 

was selected for study area j. Bilinear interpolation was used for all resampling methods 

(DEM and Image resampling). 10 x 10 meters was used for the Source GR Pixel Spacings 

(azimuth x range). The same was chosen for the output pixel spacing. Map Projection were 

set to UTM Zone 32 / WGS 1984 for study area i and j where UTM Zone 43 / WGS 1984 was 

selected for k study area. 

 

Step 4 – Coregistration 

The coregistration tool in the Radar toolbox was used to coregister the terrain corrected S1A 

and S1B products. 2000 GCPs (Ground Control Points) was chosen for all study areas. The 

output of the coregistration tool is given as a stack. One stack per study area where all 

products selected per area are included. The included products are given as bands in the result 

stack. 
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5.2 Product stacks 
Image stacks of the processed S1 products were created using Band Maths located in the 

Raster toolbox using Equation 2. Bands created in Step 4 - Coregistration were used as input 

bands in the formula for bandx to y. The selection of bands was based on acquisition dates. The 

formula averages (avg) the selected bands after adding them to create an averaged image 

being the Imgstack. Three types of stacks were created. One type where the images are acquired 

before the flood event, one calculated of images acquired after the flood event and, when 

available, one calculated using images acquired during the flood event. 

 

𝐼𝑚𝑔/0123 = 𝑎𝑣𝑔6𝑏𝑎𝑛𝑑: + ⋯+ 𝑏𝑎𝑛𝑑<= 
Equation 2 

A total of eight stacks were created and are given in Table 13. Study area k was the only area 

where multiple S1 products acquired during the flood event was available (kC). Two stacks 

created using before flood event acquired products (kA and kB) were created for the study 

area as well, compared to one stack as for study area i and j identified as stack iA and jA, 

respectively. Stack iB, jB and kD was created using products acquired after the flood event. 
Table 13 Products used to create the before, after and during flood event stacks. 

Study area i Study area j Study area k 

Stack Type 

Classification 

Product 

Acquisition Date 

Stack Type 

Classification 

Product 

Acquisition Date 

Stack Type 

Classification 

Product 

Acquisition Date 

Before flood event 

(iA) 

April 2nd 2018 Before flood event 

(jA) 

August 4th 2017 Before flood event 

(kA) 

January 5th 2018 

April 8th 2018 August 10th 2017 January 17th 2018 

April 14th 2018 August 16th 2017 January 29th 2018 

April 20th 2018 August 22nd 2017 February 10th 2018 

April 26th 2018 August 28th 2017 February 22nd 2018 

May 2nd 2018 September 3rd 2017 Before flood event 

(kB) 

May 17th 2018 

May 8th 2018 September 9th 2017 May 29th 2018 

After flood event 

(iB) 

May 20th 2018 September 15th 2017 June 10th 2018 

May 26th 2018 September 21st 2017 June 22nd 2018 

June 1st 2018 September 27th 2017 Flood event 

(kC) 

July 4th 2018 

June 7th 2018 After flood event 

(jB) 

October 9th 2017 July 16th 2018 

June 13th 2018 October 15th 2017 July 28th 2018 

June 19th 2018 October 21st 2017 August 9th 2018 

June 25th 2018 October 27th 2017 August 21st 2018 

 November 2nd 2017 August 27th 2018 

November 8th 2017 After flood event 

(kD) 

September 2nd 2018 

November 14th 2017 September 14th 2018 

November 20th 2017 September 26th 2018 

 October 8th 2018 

October 20th 2018 
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5.3 Sentinel-1 false color composites 
False color composites were created using same polarizations at different times of the year. 

These were created using the coregistered single (Section 5.1, Step 4) and stack (Section 5.2) 

products. Products selected to be composited were converted from linear to dB and converted 

to a band prior to creating the composites. The workflow is presented in Figure 18. 

 
Figure 18 S1 false color composite flowchart. 

 
5.4 Georeferencing 
Study area i being located in an area of steep hillsides provided some challenges due to the 

radar geometry in the mountainous area. To be able to perform different comparison 

approaches based on S2 products, the S1 flood event product (May 14th, 2018) was 

georeferenced using the “Georeferencing” toolbar in ArcMap. Control Points were manually 

selected from a reference layer and added to the S1 product layer. The S2 flood event product 

(also May 14th, 2018) was used as reference layer. A total of 100 links were created. The 

georeferencing was performed using a Spline transformation. 68 of selected Control Points 

were located in the river area of the study area, see Figure 19. 

Product	Singles	
and/or	Product	Stacks

Linear	to	dB

Convert	band

False	Color	Composite
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Figure 19 Control Point locations at study area i. Map created using ArcMap. Produced from ESA remote sensing data. 

 
5.5 Sentinel-2 product processing 
The downloaded S2 products presented in Section 3.1.2 were all processed using SNAP. The 

processing was performed in two steps and are shown in Figure 20. All products were 

resampled using the Resampling tool located in the Raster toolbox in the subfolder Geometric 

Operations. All bands in the S2 products were resampled according to the bands to be used, 

meaning, the Pixel resolution was resampled to 10 m. After resampling, subsets covering the 

same extent as the S1 subset products (Section 5.1, Step 1) were created. 
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Figure 20 Flowchart of S2 processing performed using SNAP. 

 
5.6 Sentinel-2 RGB 
Creating one reference and one flood true or natural color composite image using the red, 

green and blue (RGB) bands of the S2 products was found to be one of the most straight-

forward and easiest ways of visually detecting a surface change. RGB composites were 

created using the resampled subset products from Section 5.5. S2 red, green and blue bands 

were selected for the RGB-Image Channels through the Open RGB Image Window located 

under Window in SNAP. The selections are displayed in Figure 21. 

 
Figure 21 RGB-Image Channel selection in SNAP using Open RGB Image Window. 

 
5.7 NDWI 
The Normalized Difference Water Index (NDWI) was calculated using the S2 products green 

and near infrared bands, given respectively by Band 3 and 8 (B3 and B8). The NDWI 

expression is presented in Equation 3 (derived from Equation 1 by McFeeters (1996), as seen 

in Section 3.2.2). The calculation was performed using the Raster calculator in ArcMap. 

S2	downlaod

Resample	band	
resolution

Subset
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𝑁𝐷𝑊𝐼 =
(𝐵3 − 𝐵8)
(B3 + B8) 

Equation 3 (McFeeters, 1996) 

After calculations the NDWI values were classified. As water bodies give positive NDWI 

values ranging between 0 and 1 all negative values were extracted from the layers. The 

extraction was performed to create flood and reference masks (a mask layer showing the 

water extent of the normal and flood situation of the area). When excluding the negative 

values, terrestrial and soil features are removed from the masks (as explained in Section 

3.2.2). 

 

5.8 HAND 
Height Above Nearest Drainage (HAND) was calculated using the Riparain Topography 

Toolbox implemented in ArcMap (accessed through https://www.arcgis.com/). Calculating 

the HAND index requires two sets of procedures: 

(i) Derive Stream Raster 

(ii) Calculate HAND 

Both procedures were performed using the TanDEM-X DEMs given in Section 4.1.3 as input 

data. Where the study area was covered by more than one DEM, the DEMs were merged. The 

stream raster was derived by the following steps: 

(1) Fill sinks 

(2) Determine Flow Direction 

(3) Determine Flow Accumulation 

Step 1 was performed to remove small imperfections in the DEMs. A raster of Flow Direction 

(Step 2) was determined by the steepest downslope neighbor of each cell in the DEMs. Flow 

Accumulation (Step 3) was determined based on the accumulated flow into every cell of the 

DEMs. Using the derived Flow Accumulation raster (Step 3) a SetNull calculation was 

performed using Raster Calculator, Equation 4: 

 

SetNull("FlowAcc" < 100, 1) 
Equation 4 

Equation 3 assigns all cells in the Flow Accumulation (“FlowAcc”) raster a value of zero 

(SetNull) if there are less than 100 cells running in to them. A value of 1 is assigned if 100 or 

more cells are draining into the cell. One Stream Raster was derived per study area. 
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HAND was calculated (second procedure) using the study areas derived by the Stream Raster 

and DEM (if multiple DEMs per site, the DEMs were merged prior to calculations) as inputs. 

The procedure calculated drainage networks based on calculated drainage directions at the 

sites to generate a map of nearest drainage. The pixel values of the calculated HAND are 

given in meters as the nearest drainage map is generated using DEM pixel values. Each pixel 

of the generated map is assigned a value spatially associated with the DEM pixels draining 

into it. Mathematically a HAND pixel value of 0 gives an inundated area as the pixels height 

above nearest drainage is calculated to be zero meters. A flowchart of this process is shown in 

Figure 22. 

 

 

5.9 CDAT 
Change between the single reference and flood S1 image was detected by visual comparison 

of backscatter in the two images. A subtraction of the reference image from the changed 

flooded image was also performed to strengthen the visual findings. The result of this 

subtraction left an image of changed pixels. Change Detection and Thresholding (CDAT) was 

calculated from the Terrain Corrected S1 products from Section 5.1 Step 3. Calculations were 

performed in two steps using SNAP: 

(i) Speckle filtering 

(ii) Threshold determination 

Speckle filtering was performed using Single Product Speckle Filter located in the Radar 

Toolbox. As Processing Parameters, a Lee Sigma speckle filter using a window size of 5x5 

pixels and a sigma of 0.9 was chosen to reduce speckle in the images by carefully 

DEM
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Flow	direction

Flow	accumulation

SetNull

HAND

Figure 22 Flowchart displaying calculations performed to derive HAND. 
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investigating different windows sizes. Larger window sizes filtered away the flood in some 

areas while creating larger areas of flood in other areas, leaving inaccurate filtering results. 

Using a 3x3 pixel filter size left speckle still being present. Therefore, the 5x5 pixel window 

size was chosen. Two S1 products were speckle filtered per study area: one reference product 

and one flood event product. 

 

Thresholding was determined by pixel value investigations by: 

(1) Single pixel investigations 

(2) Polygon investigations 

 

Using the SNAP Pixel Info tool, the pixel values of the changed areas in the flooded image 

were investigated as well as other waterbodies in both scenes to define a threshold for pixel 

values of water. The highest pixel value found in the area of inundation or river was defined 

as the threshold. Meaning, the threshold defined the pixel values to be counted as water when 

calculating water-masks. Polygons including the inundated and river areas were created as a 

part of this process as well as single pixel investigations. Further, water-masks were 

calculated for both scenes by using the defined threshold. All pixels with a value smaller than 

the threshold was given the value 2 leaving the rest of the pixel values to be defined as Not A 

Number (NaN). 
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6 Results 
In the following, the results derived from SNAP processing and ArcMap calculations are 

presented. When displaying the results, maps covering the three selected sub-study areas per 

Gudbrandsdalen (i), Birkeland (j) and Kerala (k) are frequently given to represent the study 

areas. The reader is referred to appendices I-III for maps covering the whole of study areas i-

k, respectively. The appendices give maps displaying processed S1 single products, S1 color 

composites, S2 color composites, NDWI, HAND index and CDAT maps of full study area 

coverage. 

 

6.1 Radar geometry and processing challenges 
Before the derived results are presented, detected challenges caused by radar geometry and 

SNAP processing are stated in sections 6.1.1-6.1.3. 

 

6.1.1 Radar shadow 
The yellow circle in Figure 23 displays a possible inundated area detected in the S1 product 

(down-left) at study area i (location given by the overview map). The same area of the S2 

product is given by a blue circle (down-right). Both products are acquired on the May 14th, 

2018. The yellow-marked area contains dark grey-black shades similar to the shades of the 

river and flooded areas given by the lower-left figure. The blue-marked area of the S2 product 

does not show the same inundated extent as in the S1 product. For the circled areas, areas of 

possible inundation are given by stippled red arrows. One area, displayed by solid red arrow, 

shows flood in both products within the circles. 
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Figure 23 Radar shadowing effect in mountainous areas. Overview map and down-right map: S2 flood image (May 14th). 
Down-left image: S1 flood image (May 14th), converted to dB. Created using ArcMap. Yellow circle: area of shadowing. 
Solid arrow: flood. Stippled arrows: possible flood. Produced from ESA remote sensing data. 
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6.1.2 Pixel-Stretching 
An example of a Pixel-Stretching effect caused by performing Terrain Correction on the S1 

products is given from study site j (Figure 24). Orange arrows in images D-F point to 

examples of detected stretching in a terrain corrected product at sub-study area j1-3. Images 

A-C have not been terrain corrected but flipped horizontally for the visual interpretation as the 

downloaded products appeared mirrored (in radar geometry) when opening in SNAP. 

 
Figure 24 Overview map: Terrain Corrected S1 reference image (Sept. 27th). A-C has not been Terrain Corrected but flipped 
horizontally. D-F has been Terrain Corrected using SNAP. Map visualization was created using ArcMap. A and D: sub-
study area j1, B and E: sub-study area j2 and C and F: sub-study area j3. Images converted to dB. Produced from ESA 
remote sensing data. 
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6.1.3 Georeferencing 
The georeferenced product created using the method given by Section 5.4 are given by the 

overview map and images D-F (representing sub-study-area i1-3) in Figure 25. Images A-C 

display the same areas as D-F before georeferencing. The georeferenced image has a total 

forward RMS error of 0.271908 m. Yellow arrows reaching from image B to E and C to F 

display position shift of pixels from the original to the georeferenced product. As seen by the 

figure, the flooded pixels, dark-grey/black color, are shifted left giving the result product a 

“squeezed” appearance. The S2 flood product, images G-I represented by the same sub-study 

areas, display the same appearance as the georeferenced S1. 
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Figure 25 Overview map: georeferenced S1 flood image (May 14th) using Spline transformation and 100 manually detected 
links to S2 flood image (May 14th), in ArcMap. A-C: S1 before georeferencing, D-F: S1 after georeferencing and G-I: S2 
flood image. A, D and G: sub-study area i1. B, E and H: sub-study area i2 and C, F and I: sub-study area i3. S1 images are 
converted to dB. Created using ArcMap. Produced from ESA remote sensing data. 
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6.2 Gudbrandsdalen study area 
This section will present all results derived from SNAP processing and ArcMap calculations 

for Gudbrandsdalen study area (i). 

 

6.2.1 Sentinel-1 product processing 
Figure 26 shows the outputs being two single processed images and two stacks at sub-study 

area i1, i2 and i3 after the S1 processing in SNAP was performed (Section 5.1). The S1 

reference product is represented by images i1-3a and images i1-3b display a stack of the 

seven S1 images acquired before the flood event. Images i1-3c represent the flood image 

(highlighted using a red square). The seven-image stack containing images acquired after the 

flood are represented by images i1-3d. Note the change in backscatter between the flooded i1-

3c images (dark grey/black color) and the other reference images in the figure (light grey/grey 

color). The stacked images i1-3b and i1-3d appear smoothened compared to the singles. All 

images were converted to dB for an easier visual flood distinguishing. Speckle is present in all 

images and seen as smoothened in the stacked images. 



 51 

 
Figure 26 Image i1-3a: S1 reference image (May 8th), i1-3b: S1 before flood stack (7 imgages), i1-3c: S1 flood image (May 
14th) and i1-3d: S1 after flood stack (7 img.). Processing performed using SNAP. Images converted to dB. Produced from 
ESA remote sensing data. 

 
6.2.2 Color composites 
Color composites created using S1, S2 and PlanetScope products are presented in the 

following sub-sections. 

 

Sentinel-1 

Figure 27 displays three different false color composites, of the S1 products given in Figure 

26, represented at sub-study area i1-3. Images i1-3e displays a composite using the single 

reference (chosen as the red band) and flood (green and blue bands) images. Images i1-3f-g 

display products composited using the single flood image (green and blue bands), the before 
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(i1-3f) and after (i1-3g) flood stack products as the red band. Speckle shown in Section 6.2.1 

is now present as red, green and blue color. Assigning the reference layer to the red band and 

the changed flooded layers the green and blue bands gives areas of change a red color. Blue 

colors are more apparent in images i1-3e than the other i1f-13f and i1g-i3g images. Yellow 

arrows display areas of variation between images i2e-g. Images i2f-g composited using both 

single and stacked products display the flooded layer to be apparent in the area of the river 

(given by yellow arrows). The same appearance of the flooded layer is not seen in the product 

composited using only single products (image i2e) but, a combination of red and blue pixels. 

Red and blue pixels are present in the river areas. Red pixels are more evident in the river 

areas of images i1-3f than the other. No apparent speckle reductions is seen in the composites 

created using a combination of single and stacked products (images i1-3f and i1-3g) 

compared to the only single product created composite (i1-3e). 

 
Figure 27 i1-3e: S1 false color composite image using single radar images (R=May 8th, G and B = May 14th), i1-3f: S1 false 
color composite image created using single and stacked radar images (R = before stack , G and B = May 14th) and i1-3g: S1 
false color composite image created using single and stacked images (R = after stack, G and B = May 14th) for sub-study 
area i1-3. Images was processed using SNAP and converted to dB before compositing. Produced from ESA remote sensing 
data. 
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Sentinel-2 

RGB composites were created using the S2 optical product bands 2, 3 and 4 (B2-4) as the 

blue, green and red composite bands, respectively. Figure 28 displays the S2 RGB images for 

sub-study areas i1-3. The S2 reference and flood image is represented in images i1-3h and i1-

3i, respectively. Clouds detected in image i1i are indicated by white arrows. A cloud veil is 

seen covering image i3h. Further, for image i3h, the yellow arrow shows a detected cloud that 

is possibly too dense for the later calculations. Fields of agriculture and rivers are seen at all 

three sub-study areas of the h images in addition to forest given in image i3i (top and down 

right side). Images i1-3i displays flooding in the agricultural areas. The flooding is seen by its 

dark green/brown color giving it a dirty almost muddy appearance. Areas of variation 

between the reference and flood images are given by red arrows in image i2i. The same area 

as first detected in the radar images in Section 6.1.1 is detected in the flood i2i image 

compared to the reference i2h image (being the variation in the river area). The river appears 

wider in the flooded S2 product (image i2i) compared to the reference product (image i2h). 

 
Figure 28 Image i1-3h: S2 reference (May 8th) RGB image and i1-3i: S2 flood (May 14th) RGB images for the sub-study area 
i1-3. Produced from ESA remote sensing data. 

 
PlanetScope 

PlanetScope products acquired May 10th (reference) and 13th (flood) are given in Figure 29 

where images i1-2r and i1-2s represent sub-study area i1-2, respectively. Clouds are detected 

in the river area of image i1s (white arrow) and a possible cloud shadow is seen obscuring the 

flood (red arrow). The detected areas of variation at sub-study area i2 in the S1 and S2 

products is now displayed by yellow circles in images i2r-s. The flooded PlanetScope product 

(i2s) displays a larger flooded area than the reference product (i2r). 
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Figure 29 Image i1-2r: PlanetScope reference (May 10th) and i1-2s: PlanetScope flood (May 13th) RGB images for sub-study 
area i1-2. 

 
6.2.3 NDWI 
NDWI layer calculations (Section 5.7) performed using the B3 and B8 spectral bands for both 

S2 scenes are given in Figure 30. The figure gives a reference and flood NDWI at sub-study-

areas i1-3 in images i1-3j-k, respectively. The j and k images were overlaid the S2 reference 

and flood RGB products. The images are created for visual comparison of the 

“normal”/reference and flooded site situations. The clouded areas of image i1k, first shown in 

image i1i in Figure 28, is again displayed by white arrows. The legend in Figure 30 displays 

NDWI values ranging from 0-0.2 and 0-0.5 for the reference and flood layer, respectively. 

The yellow arrow of image i3j displays an area where no water was detected by the NDWI 

calculations. It is noteworthy that this is the same area where the previous displayed S1 

images showed low backscatter and the possibly too dense cloud in the cloud veil of the 

optical image i3h in Figure 28. Table 14 gives the total and NDWI pixel count per sub-study 

area with calculated ratio and NDWI coverage given in percent. The table gives an increase of 

34.5, 35.6 and 27.8 % (respectively at sub-study area i1-3) in detected water in the flood layer 
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when subtracting the reference layer. In other words, the calculated flood layer has 

approximately 3.6, 3.1 and 2 times more water present than the calculated reference layer. 

 
Table 14 Total and NDWI pixel count at sub-study area i1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

i1 i2 i3 

Total (t) 9860 9828 9744 

NDWI Reference (j) 1331 1646 2853 

NDWI Flood (k) 4732 5136 5565 

 

Ratio (𝒌
𝒋
) ~ 3.6	 ~ 3.1 ~ 2 

j coverage ((𝒋
𝒕
) ∗ 𝟏𝟎𝟎) 13.5 % 16.7 % 29.3 % 

k coverage ((𝒌
𝒕
) ∗ 𝟏𝟎𝟎) 48.0 % 52.3 % 57.1 % 

 

 
Figure 30 Image i1-3j: S2 NDWI reference layer overlaid S2 reference (May 8th) RGB image and i1-3k: S2 NDWI flood layer 
overlaid S2 flood (May 14th) RGB image. The legend displays what NDWI value range the colors represent. Calculated using 
ArcMap. Produced from ESA remote sensing data. 
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Figure 31 displays the NDWI reference layer laid over the flood layer with 50 % transparency 

at sub-study areas i1-3 using the S2 reference RGB product as basemap. The figure displays 

reclassified NDWI layers where one class covering the whole NDWI value range of each 

layer was assigned one color. The color blue and red were selected to represent the reference 

and flood NDWI layer, respectively. Due to the transparency of the reference layer a purple 

color is given to the areas of overlay. Again, the clouded areas detected at sub-study-areas i1 

and i3 are indicated by white and yellow arrows, respectively. These areas show no layer 

overlays. The clouded area of images i1l and i3l is given a blue and red color, respectively. 

 
Figure 31 One NDWI color class per layer to visualize overlap between the layers. I1-3l: reference (50 % transparent blue) 
and flood (red) NDWI layers overlaid S2 reference RGB image (May 8th). Purple: area of reference and flood overlap. 
Calculated using ArcMap. Produced from ESA remote sensing data. 

 
6.2.4 HAND 
Figure 32 shows the HAND index calculated using a TanDEM-X 90m DEM (Section 5.8). 

Sub-study areas i1-3 are indicated by white squares and labelling for orientation purposes. 

“Striping” in the calculated HAND is seen by the figure reaching in a north-south direction, 

examples given by white arrows in the figure. 
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Figure 32 HAND index calculated using a derived stream raster and a TanDEM-X 90m DEM. The extent of sub-study areas 
i1-3 are displayed by white squares. HAND index was calculated using the Height Above Nearest Drainage Topography 
Tool in ArcMap. 

The HAND index map laid over the georeferenced S1 flood image using 50 % transparency 

(explained in Section 5.4) is given in Figure 33. The extent of sub-study areas i1-3 are given 

as white squares. Areas of low backscatter in addition to the already given ones detected at 

the sub-study areas are given by solid white arrows. These areas are seen to be located up to 

20 m above nearest drainage (blue and malachite/dark green HAND color). The area of radar 

shadow from Section 6.1.1 (Figure 23) is indicated by white stippled arrows. As seen in 

Figure 33, a notable amount of the detected shadow area is calculated to be located more than 

100 meters above neatest drainage (red HAND index color). 
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Figure 33 HAND index displayed in 50 % transparent colors (color explanations given by the legend, values in m) overlaid 
georeferenced S1 flood dB converted image (May 14th). Calculated using ArcMap. Basemap produced from ESA remote 
sensing data. 

 
A closer display of the HAND index is presented in Figure 34 where the calculated HAND 

index without (images i1-3m) and with (i1-3n) 50 % transparency laid over the georeferenced 

S1 flood images is given. Seen in the i1-3n images, the majority of the S1 low backscatter 

areas is located at blue HAND index areas. The blue HAND index color corresponds to 

heights below 10 meters above nearest drainage. The white arrows of images i2m-n display 

an area of HAND index values ranging between 10 and 20 meters (dark green color). 



 59 

 
Figure 34 Images i1-3m: HAND and i1-3n: HAND with 50% transparency overlaid S1 georeferenced flood dB converted 
image (May 14th) for sub-study area i1-3. Calculated using ArcMap. Basemap in images i1-3n are produced from ESA 
remote sensing data. 

 
6.2.5 CDAT 
The pixel values of the inundated areas were found to be the same in the river areas both 

within the flooded image and when comparing to the reference image. Pixel values were 

found to be ranging between -16 to -21 dB for both images. Therefore, the threshold value 

was set to -16 dB (method given in Section 5.9). 

 

The result of this calculation, being the water-masks, is given in Figure 35. Images i1-3o 

represent sub-study-areas i1-3 where the calculated reference water-mask (blue color) is laid 

over the S1 reference image. The flood water-mask (red) is displayed in images i1-3p, 

respectively, representing sub-study areas i1-3, laid over the S1 flood image. A 50 % 

transparency of the reference water-mask laid over the flood water-mask is given in images 

i1-3q where the purple color displays overlaying areas of the reference and flood water-masks 

making the inundated areas more apparent (red). Total and CDAT pixel count at sub-study 

areas i1-3 are given in Table 15. Calculated ratio and CDAT coverage, as percentage, is also 
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given. When subtracting the calculated water coverage of the reference product from the flood 

product an increase in detected water of 28.6, 22.6 and 22.9 percent is found respectively at 

sub-study area i1-3. The flood water-mask is calculated to contain approximately 2.8 (sub-

study area i1), 2.5 (i2) and 1.5 (i3) more water than the calculated reference water-mask. 

 
Table 15 Total and CDAT pixel count at sub-study area i1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

i1 i2 i3 

Total (t) 9945 9828 9945 

CDAT Reference (o) 1585 1465 4399 

CDAT Flood (p) 4424 3681 6677 

 

Ratio (𝐩
𝐨
) ~ 2.8 ~ 2.5 ~ 1.5 

o coverage ((𝒐
𝒕
) ∗ 𝟏𝟎𝟎) 15.9 % 14.9 % 44.2 % 

p coverage ((𝒑
𝒕
) ∗ 𝟏𝟎𝟎) 44.5 % 37.5 % 67.1 % 

 

 
Figure 35 Image i1-3o: reference water-mask (blue) overlaid on S1 reference image (May 8th), i1-3p: flood watermask (red) 
laid over S1 flood image(May 14th) and i1-3q: reference watermask overlaid on the flood watermask using 50 % 
transparancy giving a purple colour. S1 georeferenced flood image was used as basemap (in dB). Visualized using ArcMap. 
Produced from ESA remote sensing data. 
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6.3 Birkeland study area 
In the following, all results derived from SNAP processing and ArcMap calculations for 

Birkeland study area (j) will be presented. 

 

6.3.1 Sentinel-1 product processing 
As for the Gudbrandsdalen study area, two single and two stacked images were processed for 

study site j using SNAP. Figure 36 presents the four processed image results represented by 

sub-study areas j1-3. Images j1-3a gives the processed single reference image and images j1-

3c gives the single flood image. The processed before and after flood event stacks are shown 

in images j1-3b and j1-d, respectively. Pixel-stretching, stated in Section 6.1.2, is covering 

approximately 1/3 of the j3 images, it is also apparent close to the river area in the j2 images 

and seen in the down-right and left corner in images j1. Areas of stretching are marked by red 

arrows in images 1-3a and applies for all four images (i1-3a-d). The stacked images have a 

smoothened look and a clear speckle reduction (images j1-3b and j1-3d). An increase in low 

backscatter is detected by a greater amount of dark-grey/black pixels in images j1-3c. 
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Figure 36 Images j1-3a: single S1 reference image (Sept. 27th), j1-3b: stack S1 before flood (10 images), j1-3c: single S1 
flood image (Oct. 3rd) and j1-3d: stack S1 after flood (8 img.). Images processed using SNAP and converted to dB. Produced 
from ESA remote sensing data. 

 
6.3.2 Color composites 
False color composites created using the processed S1 images displayed in Figure 36 are 

given in the following Sentinel-1 section. The Sentinel-2 and Planet scope sections gives the 

natural or true color composites for sub-study area j1-3. 

 

Sentinel-1 

False color composites were created using the four images explained in Section 6.3.1 (images 

j1-3a-d). Figure 37 display three color composites using different combinations of the 
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processed S1 images as inputs for the red, green and blue bands. Images j1-3e were created 

using the single S1 reference and flood images. The reference image was used as red band 

and the flood image was used for the green and blue bands. Further, images j1-2f and j1-3g 

were created using a combination of single and stacked images as inputs. The stacked before 

and after products was assigned the red band for images j1-3f and j1-3g, respectively. The 

single flood image was chosen for the red band in all false color composites. No difference in 

speckle reduction was detected between the three images. As seen by the images, using a 

single flood image in the composite provided a reappearance of speckle. 

 
Figure 37 Images j1-3e: S1 RGB image using single images (R=Sep. 27th, G and B = Oct. 3rd), j1-3f: S1 RGB image created 
using single and stacked images (R = before stack , G and B = Oct. 3rd) and j1-3g: S1 RGB image using R = after stack, G 
and B = Oct. 3rd for sub-study areas j1-3. Images converted to dB before compositing. Created using SNAP. Produced from 
ESA remote sensing data. 

 
Sentinel-2 

Figure 38 displays the selected S2 products represented by sub-study areas j1-3. The S2 

product acquired at the same day as the S1 flood (October 3rd, 2017) is shown in images j1-

3h. As seen in these images, the represented sub-study areas are affected by cloud cover. The 

next available product, acquired two days later on the October 5th, is displayed in images j1-
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3i. Red arrows in images j1-3i are used to mark the remaining flood. White arrows display 

shadowing casted by the hillsides in images i1-3j. Cloud veils are detected in images j1-3i. 

The yellow arrow (image j1i) displays a possible feature shadow. 

 
Figure 38 Images j1-3h: S2 flood (Oct. 3rd) RGB image, j1-3i: S2 flood (Oct. 5th) RGB image and j1-3j: S2 reference (Nov. 
19th) RGB image for sub-study areas j1-3. Created using SNAP. Produced from ESA remote sensing data. 

 
PlanetScope 

Figure 39 display the selected PlanetScope product acquired October 5th, 2017. Sub-study 

area j1-3 are displayed in images j1-3s. Possible shadowing casted by the hillsides and 

features like trees are seen in the images and examples are highlighted using yellow arrows. 

 
Figure 39 Images j1-3s: PlanetScope flood (Oct. 5th) RGB image for sub-study areas j1-3. 
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6.3.3 NDWI 
NDWI was calculated for the October 5th, 2017 flood and reference (November 19th, 2017) S2 

products. Figure 40 gives the calculated flood (images j1-3k) and reference (j1-3l) NDWI, at 

sub-study areas j1-3. Images j1-3k displays a waterbody reduction compared to the radar 

images acquired two days earlier images (Figure 36 (images j1-3c) and 37). Shadowing, 

detected and stated in the Optical section of Section 6.3.2, is causing waterbody over-

classification in the reference NDWI layer (images j1-3l). Table 16 gives the total amount of 

pixels counted per sub-study area in addition to the NDWI pixel count. Calculated ratio and 

NDWI coverage in percent are also given. Note the values given (calculated ratio) for the 

counted NDWI flooded pixels (k) divided by the amount of NDWI reference pixels (l) being 

approximately 0.3 (sub-study area j1), 0.2 (j2) and 0.2 (j3). In other words, the calculated 

water present in the NDWI reference layer is about 3, 5.7 and 4.8 greater than the flood layer 

respectively at sub-study area j1-3. Seen by the table, the counted NDWI reference pixels 

ranges from 8686 to 10600 whilst the counted NDWI flood pixels range between 1684 and 

1814 both for sub-study area j1-3. The water present in the reference layer is calculated to be 

28.5, 31.2 and 27.4 % greater than the calculated water present in the flood layer. The red 

arrow in image j1k display area of feature shadowing (indicated by yellow arrows in the S2 

(Figure 38, image j1i) and PlanetScope (Figure 39, image j1s) products) not being calculated 

as water by the NDWI calculation. 

 
Table 16 Total and NDWI pixel count at sub-study area j1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

j1 j2 j3 

Total (t) 25020 25200 25020 

NDWI Flood (k) 3480 1684 1814 

NDWI Reference (l) 10600 9562 8686 

 

Ratio (𝒌
𝒍
) ~ 0.3 ~ 0.2 ~ 0.2 

Ratio ( 𝒍
𝒌
) ~ 3.0 ~ 5.7 ~ 4.8 

k coverage ((𝒌
𝒕
) ∗ 𝟏𝟎𝟎) 13.9 % 6.7 % 7.3 % 

l coverage ((𝒍
𝒕
) ∗ 𝟏𝟎𝟎) 42.4 % 37.9 % 34.7 % 
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Figure 40 Images j1-3k: S2 NDWI flood layer laid over S2 flood (Oct. 5th) RGB image and j1-3l: S2 NDWI reference layer 
laid over the S2 reference (Nov 19th) RGB image. The legend displays what NDWI value the colors represent. Calculated 
using ArcMap. Produced from ESA remote sensing data. 

Flood and reference layer-overlap was created by selecting one color per layer covering the 

NDWI layers whole value range. Blue was selected for the reference and red for the flood 

layer. Overlaying the flood and reference layer using a 50 % transparency to the latter creates 

a purple color for areas of overlap. Figure 41 displays layer overlap (purple) and areas of the 

flood (red) and reference (blue) NDWI layers not affected by overlap is represented by 

images j1-3m for sub-study areas j1-3. Flood NDWI areas not affected by overlap (red color) 

are considered to be the flooded areas. Shadowing in the reference NDWI layer is considered 

to increase the overlaying areas, being the calculated “normal”/reference waterbodies present 

at the sub-study areas, given in for example image j1m (yellow arrow) where the shadow in 

the reference layer creates an area of overlap. The same water extent was not seen in the 

reference S2 product given in Figure 38 (indicated by a white arrow in image j1j). 
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Figure 41 One NDWI color class per layer to visualize overlap between the layers. Images j1-3m: reference (Nov. 19th) 
NDWI (50% transparent blue) and flood (Oct. 5th) NDWI (red) NDWI layers laid over the S2 reference RGB image. Purple: 
flood and reference overlap. Calculated using ArcMap. Produced from ESA remote sensing data. 

6.3.4 HAND 
The calculated HAND index (Section 5.8) is given in Figure 42. The different colors represent 

a value range given in meters above the nearest drainage. The figure displays all seven colors 

being represented at all three sub-study areas (white squares with labelling). The locations of 

sub-study areas j1-3 are shown using white squares and labelling for orientation purposes. As 

seen by the figure, the middle areas of the sub-study areas are calculated to have HAND 

values of less than 10 to about 20 m (blue and dark green colors), whilst HAND values from 

20 to above 100 m (sharp green to red color) are calculated for the surrounding areas. In other 

words, elevation changes are indicated for the sub-study areas. 
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Figure 42 HAND index, given in meters, calculated from TanDEM-X 90m DEM. The extent of sub-study areas j1-3 are 
displayed by white squares. HAND index was calculated using Topography Tools in ArcMap. 

 
Figure 43 displays a 50 % transparent HAND index layer laid over the S1 flood image 

(October 3rd, 2017) as a comparison approach. As the figure displays, most of the low 

backscatter areas, given in Section 6.3.1 (Figure 36, images j1-3c), are located below 10 m 

above nearest drainage (blue HAND value). 
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Figure 43 HAND index displayed in 50 % transparent colors (color explanations given by the legend, values in meter) laid 
over the S1 flood (converted to dB) image (Oct. 3rd). Created using ArcMap. Basemap produced from ESA remote sensing 
data. 

 
Figure 44 displays the HAND index and the 50 % transparent HAND index layer laid over the 

S1 flood layer given in Figure 42-43, respectively, at sub-study areas j1-3. The figure gives a 

clear indication of there being elevation changes at all three study areas and the areas of low 

backscatter (images j1-3o) being located at the lower elevations of less than 10 to 40 m above 

nearest drainage. 
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Figure 44 Images j1-3n: HAND index layer and j1-3o: HAND with 50 % transparency laid over the S1 flood image (Oct. 3rd) 
for sub-study areas j1-3. The HAND index was calculated using Topography Tool, ArcMap. S1 image is given in dB. 
Basemap in images j1-3o are produced from ESA remote sensing data. 

 
6.3.5 CDAT 
A pixel value range from -16 to -21 dB was found for the detected waterbodies at Birkeland 

study area. There was not found any different pixel value range between the inundated areas 

and the other waterbodies. A threshold of -16 dB was defined and used to calculate water-

masks for sub-study areas j1-3. The water-masks are presented in Figure 45. The reference 

water-mask is given a blue color and laid over the S1 reference product (September 27th, 

2017), images j1-3p. Images j1-3q displays the calculated flood water-mask laid over the 

flood S1 flood image (October 3rd, 2017). The reference water-mask is laid over the flood 

water-mask using a 50 % transparency creating purple color at areas of overlap (images j1-

3r). The total amount of pixels and counted CDAT reference and flood layer pixels at sub-

study areas j1-3 are given in Table 17. Calculated ratio between the CDAT flood and 

reference layer and CDAT coverage in percent are also given. An increase of detected water 

in the CDAT flood layer of 9.1, 5.7 and 5.6 percent are calculated for sub-study areas j1-3, 
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respectively. As seen by the table, the flood layer is calculated to have about 1.9 (sub-study 

area j1), 2.4 (j2) and 2.1 (j3) times more pixels of water than the reference layer. 

 
Table 17 Total and CDAT pixel count at sub-study areas j1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

j1 j2 j3 

Total (t) 25020 25200 25020 

CDAT Reference (p) 2418 1071 1303 

CDAT Flood (q) 4702 2518 2698 

 

Ratio (𝒑
𝒒
) ~ 1.9 ~ 2.4 ~ 2.1 

p coverage ((𝒑
𝒕
) ∗ 𝟏𝟎𝟎) 9.7 % 4.3 % 5.2 % 

q coverage ((𝒒
𝒕
) ∗ 𝟏𝟎𝟎) 18.8 % 10.0 % 10.8 % 

 

 
Figure 45 j1-3p: Reference water-mask (blue) laid over the S1 reference image (Sep. 27th), j1-3q: flood water-mask (red) laid 
over the S1 flood image(Oct. 3rd) and i1-3r:reference water-mask laid over the flood water-mask  using 50 % transparency 
giving a purple color. S1 reference (Sep 27th) image as basemap. Calculation made using SNAP and maps created using 
ArcMap. S1 images converted to dB. Produced from ESA remote sensing data. 
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6.4 Kerala study area 
All results derived from SNAP processing and ArcMap calculations for Kerala study area (k) 

will be presented in the following sub-sections (6.4.1-6.4.5). 

 

6.4.1 Sentinel-1 product processing 
SNAP processed S1 single products represented by sub-study areas k1-3 are given in Figure 

46. Three reference (images k1-3a, k1-3b and k1-3d) and one flood (k1-3c) product were 

processed. The method used is given in Section 5.1. An increase in low backscatter is detected 

in images k1-3c compared to the other images given. Images k1b and k2d shows the second 

most detected low backscatter for sub-study area k1 and k2, respectively. 

 
Figure 46 Images k1-3a: single S1 reference image (Jan. 17th), k1-3b: single S1 reference (May 29th), k1-3c: single S1 flood 
(Aug. 21st) and k1-3d: single S1 reference (Sep. 26th) for sub-study areas k1-3. All images converted to dB and processed 
using SNAP. Produced from ESA remote sensing data. 
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Figure 47 displays the stacked reference and flood S1 products at sub-study areas k1-3 

represented in images k1-3e-h. Three reference stacks and one flood stack were created. One 

reference stack was created using S1 images acquired in January and February, being the kA 

stack from Section 5.2, Table 13. A second using May and June acquired S1 images (kB) and 

a third using images acquired in September and October, being the kD stack. The flood stack 

(kC) contains 6 images acquired in July and August. The kA stack is given in images k1-3e. 

Images k1-3f displays the kB stack and the third kD stack is given in images k1-3h. The kC 

stack is given in images k1-3g. A greater amount of low backscatter is detected in the flood 

stacked product (images k1-3g) compared to reference stacks, thus little difference is detected 

between images k3g and k3h at sub-study area k3 compared to the k3e and k3f images. The 

second most detected low backscatter at sub-study area k2 is seen in image k2h. 

 
Figure 47 Images k1-3e: kA stack, k1-3f: kB stack, k1-3g: kC stack and k1-3h: kD stack for sub-study areas k1-3. All images 
are converted from linear to dB and created using SNAP. Produced from ESA remote sensing data. 
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6.4.2 Color composites 
The following of this section gives the color composites created for Kerala study area (k). 

 

Sentinel-1 

False color composites were created using the SNAP processed S1 images from Section 6.4.1 

(Figure 46 and 47). Figure 48 gives four different false color composites where the single 

flood (August 21st, 2018) S1 image is used as the green and blue bands of all composites. 

Images k1-3i displays a composite where a single reference (January 17th, 2018) image has 

been assigned the red band. Further, the three reference stacks kA, kB and kD was used as the 

red band when false color compositing images k1-3j-l, respectively. The greatest amount of 

flood (indicated by red) is seen in images k1-3j, thus the approximate same flood extent is 

seen in images k1-3i compared to the other given composites (images k1-3k and k1-3l). 

 
Figure 48 Images k1-3i: R (Jan. 17th), G and B (Aug. 21st), k1-3j: R (kA stack), G and B (Aug. 21st),  k1-3k: R (kB stack), G 
and B (Aug. 21st) and k1-3l: R (kD stack.), G and B (Aug. 21st), for sub-study areas k1-3. Composites created using SNAP 
after converting to dB. Produced from ESA remote sensing data. 
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False color composites using image stacks for all three bands are given in Figure 49. This 

time, all composites were created using the kC flood stack (shown in Figure 47 images k1-3g) 

as the green and blue bands. Images k1-3m-o displays false color composited images using 

the kA, kB and kD stacks as the red band, respectively. The images show less red colors than 

the composites given in the previous figure (Figure 48) that was composited using only single 

or a combination of single and stacked products. For Figure 49, the greatest flood extent (red 

color) is seen in images k1-3m compared to the k1-3n-o images. The images of the figure also 

display a clear smoothening and speckle reduction. 

 
Figure 49 Images k1-3m: R (kA stack) G and B (kC stack), k1-3n: R (kB stack) G and B (kC stack) and k1-3o: R (kD stack) G 
and B (kC stack), for sub-study areas k1-3. All created using SNAP after converting the products to dB. Produced from ESA 
remote sensing data. 

 
Sentinel-2 

Figure 50 displays five S2 optical images represented by sub-study areas k1-3. Images k1-3p 

displays a reference S2 image acquired January 22nd. The following four images, k1-3q-t, was 

respectively acquired August 10th, 20th, 25th and 30th. Clouds are detected in all four reference 

images as seen in the k1-3q-t images. The cloud covers differ between these images creating 

different degrees of obscured ground view. The flooded areas are seen as a homogenous 
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surface beneath the cloud covers. For images k2r-t this homogenous surface is more evident, 

thus it is also visually detected in the other given images, but not so easily detected images 

k1-3q. 

 
Figure 50 Images k1-3p: S2 RGB image acquired Jan. 22nd, k1-3q: S2 RGB (Aug. 10th), k1-3r: S2 RGB (Aug 20th), k1-3s: S2 
RGB (Aug 25th) and k1-3t: S2 RGB Aug (30th). All processed in SNAP. Produced from ESA remote sensing data. 
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PlanetScope 

Figure 51 presents the PlanetScope flood product acquired August 21st, 2018 for sub-study 

area k2. The flooded area is seen by its homogenous surface in the middle area of the product 

with partial cloud coverage. 

 
Figure 51 PlanetScope flood (Aug. 21st) RGB image for sub-study area k2. 

 
6.4.3 NDWI 
NDWI calculated for all five S2 optical images (given in Section 6.4.2) are represented at 

sub-study areas k1-3 in Figure 52. Calculated NDWI for the reference image acquired January 

22nd is given in images k1-3u. NDWI calculated using the S2 images acquired August 10th, 

20th, 25th and 30th are displayed in images k1-3v-y, respectively. The NDWI layer color 

values are explained by the legend. Table 18 gives the total and NDWI pixel count per sub-

study area with calculated ratio and NDWI coverage given in percent. Note the highest NDWI 

flood layer percentages for sub-study areas k1-3 being 7.7 % (y product coverage), 45.6 % 

(w) and 7.5 % (y), respectively. These coverages give an increase in detected water at the 

sites of 4.5, 44.3 and 6.2 %. Meaning, as seen by the corresponding ratio calculations, the 

detected water in the flooded NDWI layers are about 2.4 (sub-study area k1), 35.9 (k2) and 

5.8 (k3) times greater than the reference layer at these sites. 
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Table 18 Total and NDWI pixel count at sub-study area k1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

k1 k2 k3 

Total (t) 20130 20252 20252 

NDWI Reference (u) 645 257 261 

NDWI Flood (v) 72 4411 241 

NDWI Flood (w) 1106 9237 1131 

NDWI Flood (x) 103 7214 1312 

NDWI Flood (y) 1543 7498 1520 

 

Ratio (𝒗
𝒖
) ~ 0.1 ~ 17.2 ~ 0.9 

Ratio (𝒘
𝒖
) ~1.7 ~ 35.9 ~ 4.3 

Ratio (𝒙
𝒖
) ~ 0.2 ~ 28.1 ~ 5.0 

Ratio (𝒚
𝒖
) ~ 2.4 ~ 29.2 ~ 5.8 

u coverage ((𝒖
𝒕
) ∗ 𝟏𝟎𝟎) 3.2 % 1.3 % 1.3 % 

v coverage ((𝒗
𝒕
) ∗ 𝟏𝟎𝟎) 0.4 % 21.8 % 1.2 % 

w coverage ((𝒘
𝒕
) ∗ 𝟏𝟎𝟎) 5.5 % 45.6 % 5.6 % 

x coverage ((𝒙
𝒕
) ∗ 𝟏𝟎𝟎) 0.5 % 35.6 % 6.5 % 

y coverage ((𝒚
𝒕
) ∗ 𝟏𝟎𝟎) 7.7 % 37.0 % 7.5 % 
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Figure 52 Images k1-3u: reference (Jan. 22nd) NDWI laid over reference (Jan. 22nd) S2 RGB, k1-3v: flood (Aug. 10th) NDWI 
laid over flood (Aug. 10th) S2 RGB, k1-3w: flood (Aug. 20th) NDWI laid over flood (Aug 20th) S2 RGB, k1-3x: flood (Aug. 
25th) NDWI laid over flood (Aug. 25th) S2 RGB and k1-3y: flood (Aug. 30th) NDWI laid over (Aug. 30th) S2 RGB. NDWI 
calculated in ArcMap. The legend gives values corresponding to the given colors. Produced from ESA remote sensing data. 
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For Figure 53 each calculated NDWI layer was assigned one color covering the layers whole 

value range. Blue was assigned the reference layer and all flood layers were assigned red 

color. Giving the reference layer a 50 % transparency and overlaying it all four flood layers 

separately (creating 4 maps of overlay) resulted in areas of overlap being indicated by a 

purple color. Images k1-3aa-dd represents the reference NDWI layer calculated using the 

January 22nd acquired S2 image laid over the flood NDWI layer calculated using the August 

10th, 20th, 25th and 30th acquired S2 images, respectively, at sub-study areas k1-3. The January 

22nd acquired S2 image is used as basemap for all images. 

 
Figure 53 One NDWI color class per layer to visualize overlap between the layers. Jan. 22nd was used as reference layer for 
all overlays using a 50 % transparency (blue). Images k1-3aa: Aug. 10th flood (red), k1-3bb: Aug 20th flood (red), k1-3cc: 
Aug. 25th flood (red), k1-3dd: Aug 30th flood (red). NDWI layers laid over S2 Jan. 22nd reference RGB image. Purple displays 
flood and reference layer overlap. Visualized using ArcMap. Produced from ESA remote sensing data. 
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6.4.4 HAND 
Figure 54 display an overview map of the calculated HAND covering the whole of study area 

k. White squares with assigned labelling are used to display the extent of sub-study areas k1-

3. Values represented by colors in the figure are given by the legend in meters. HAND was 

calculated using the method given in Section 5.8. 

 

 
Figure 54 HAND index calculated from TanDEM-X 90m DEM. The extent of sub-study areas k1-3 are displayed by white 
squares. HAND index was calculated using Topography Tools in ArcMap. 

 
Using 50 % transparency the HAND index layer was laid over the S1 flood (Aug. 21st) 

product, the result is displayed in Figure 55. Sub-study areas k1-3 are again shown using 

white squares for orientation purposes. 
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Figure 55 HAND index displayed using 50 % transparent colors (values in meter corresponding to the colors are given by 
the legend) laid over S1 flood image (Aug. 21st). Calculated and visualized using ArcMap. Basemap produced from ESA 
remote sensing data. 

Figure 56 display the HAND index layer and the HAND index layer displayed using 50 % 

transparent colors laid over the S1 flood (Aug. 21st) image at sub-study areas k1-3 in images 

k1-3ee-ff, respectively. As seen in the figure, the maximum height above nearest drainage at 

the sub-study areas was calculated to be 100 m (orange HAND color). Images k1-3ff 

indicates the area of low backscatter (detected by dark-grey/black colors) in the S1 basemap 

to be located in areas where the calculated HAND values range from below 10 to about 30 m. 
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Figure 56 Images k1-3ee: HAND and k1-3ff: 50 % transparent HAND laid over the S1 flood image (Aug. 21st) for study 
areas k1-3. The HAND index was calculated using Topography Tool in ArcMap. Basemap in images k1-3ff are produced 
from ESA remote sensing data. 

 
6.4.5 CDAT 
The threshold of the CDAT method (Section 5.9) defined the pixel values to be counted as 

water when calculating water-masks. A threshold of -20 dB was defined inundated areas and 

other detected waterbodies as the same pixel value range was found for both. The pixels were 

ranging from -20 to -25 dB in these areas. Calculated water-masks laid over the S1 reference 

image (January 1st, 2018) is given in Figure 57. The reference water-mask layer was assigend 

a blue color (images k1-3gg) and the flood water-mask a red color (images k1-3hh). The 

reference water-mask was laid over the flood water-mask using 50 % transparency. Areas of 

overlap between the reference and flood water-mask generated a purple color displayed in the 

k1-3ii images. The red areas in the three ii images are considered as areas of change (meaning 

flooded areas). Table 19 gives the total and CDAT pixel count per sub-study area with 

calculated ratio and CDAT coverage given in percent. Detected water in the CDAT flood 

layer is calculated to have increased by 11.4, 37.3 and 12.4 % compared to the reference 

layer. This corresponds to the given ratios of about 6.1, 39.0 and 46.9 calculated by dividing 

the reference CDAT layer by the flood layer for sub-study areas k1-3, respectively. Note the 
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increase in CDAT reference layer coverage of 7.2 % when comparing to the calculated NDWI 

(y coverage product) from Table 18. 

 
Table 19 Total and CDAT pixel count at sub-study area k1-3. Calculated ration and coverage (in %) are given. 

Pixel 

count 

Sub-study area 

k1 k2 k3 

Total (t) 724160 725126 724160 

Reference (gg) 16355 7110 1966 

Flood (hh) 98962 277380 92143 

 

Ratio (𝒈𝒈
𝒉𝒉

) ~ 6.1 ~ 39.0 ~ 46.9 

gg coverage ((𝒈𝒈
𝒕
) ∗ 𝟏𝟎𝟎) 2.3 % 1.0 % 0.3 % 

hh coverage ((𝒉𝒉
𝒕
) ∗ 𝟏𝟎𝟎) 13.7 % 38.3 % 12.7 % 

 

 
Figure 57 Images k1-gg: reference (Jan. 17th) water-mask (blue), k1-3hh: flood (Aug. 21st) water-mask (red) and h1-
3ii:reference water-mask laid over the flood water-mask  using a 50 % transparency (resulting in a purple color). S1 
reference image (Jan. 17th) was used as basemap for all images. CDAT was performed using SNAP. Maps were created 
using ArcMap. Produced from ESA remote sensing data. 
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7 Discussion 
The results given in Section 6 will be discussed in this section to find out if the use of product 

stacks provided improved flood extent results. This will be conducted by discussing the data 

selection (from Section 4), applied methods (Section 5) and the results derived for the study 

areas (Section 6). The discussion will be structured in the following: 

 

• Study areas and data selection (Section 7.1) 

• Evaluation of the applied methods (including the derived results) (7.2-7.7) 

• Recommendations for further work (7.8) 

 

An evaluation of the derived results is given as sub-sections in Sections 7.2-7.7. 

Recommendations for further work are given in Section 7.8. 

 

7.1 Study areas and data selection 
It is of importance to highlight the difference in sub-study areas extents between the 

Gudbrandsdalen (i), Birkeland (j) and Kerala (k) sub-study areas, being ~ 1 km2, 2.5 km2 and 

72.3 km2 (Section 4), respectively. The flood events of this thesis with locations in Norway, 

being Gudbrandsdalen and Birkeland study areas, has considerably smaller flood extents than 

the monsoon flood event located in Kerala, India. The selected areal extents of the sub-study 

areas reflect the type of flood and the location of the flood being investigated. These areal 

extents also reflect the outlook of the results provided. The image results provided for Kerala 

study area have in general a “zoomed-out” look due to this larger areal extent being displayed 

using the same sized images as the Gudbrandsdalen and Birkeland images. 

 

Important notes regarding the data selection given in Section 4 are given by the following 

bullet-points, structured by study area. 

 

Gudbrandsdalen 

• S1 data was available at time intervals of 6 days. A total of 15 (Table 1) products were 

selected. 

• S2 product acquired at the same day as the S1 flood product was used. The single 

reference S1 and S2 images was also acquired on the same day (Table 2). 
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• Two TanDEM-X products was merged for a full study area coverage (Table 3). 

• A higher resolution (3 m) PlanetScope product acquired two days after the single 

reference Sentinel products, still a dry image, was available and used for comparison. 

The available PlanetScope product closest to the time of the flood was acquired one 

day before the Sentinels (Table 4).  

• All S1 products were acquired in an ascending direction. The opposite, a descending 

pass direction, was used for the S2 and PlanetScope images. 

Birkeland 

• S1 data was available every sixth day. 19 products were selected (Table 5). 

• The selected single reference S1 product was acquired six days pre-flood to reduce 

possible errors as an effect of seasonal changes (e.g. snow cover). 

• The available S2 product acquired the same day as the S1 flood product was cloud 

covered (Figure 37). The next available product was acquired two days later. Water 

was still present but seen to be reduced compared to the two days earlier acquired S1. 

The product was selected as the S2 reference product (Table 6). 

• The first cloud free available S2 product was found to be acquired mid-November and 

not corresponding in date to the single reference S1 (Table 6). As seen in Figure 37 

(images j1-3i) the sub-study areas are snow-free and found not to be affected by this 

seasonal change. The full-scene S2 product are given in Figure II.9 (Appendix II). 

• One TanDEM-X product was available covering the whole of study area j (Table 7). 

• A cloud-free PlanetScope product was acquired the same day as the selected S2 flood 

product (Table 8). Products acquired two days earlier (at the time of the single S1 

flood product) was cloud covered (Figure 38 images j1-3h). The same applied for the 

one day earlier acquired product. 

• As for Gudbrandsdalen study area, the selected S1 products were acquired in an 

ascending direction. The S2 and PlanetScope were acquired in a descending direction. 

Kerala 

• A more sporadic selection of S1 data was available, with only 2-3 products per month. 

20 products were selected (Table 9). 

• All S2 products acquired during the time of the monsoon flood were affected by cloud 

cover. A selection of the four least affected by clouds was made. The products were 

acquired with a time interval of five days (Table 10). 
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• Two TanDEM-X product were selected and merged to cover the whole of the study 

area (Table 11). 

• A PlanetScope acquired in the same period as the four S2 flood products were 

downloaded for comparison (Table 12). 

• All S1, S2 and PlanetScope products selected was acquired in a descending pass 

direction. 

 

7.2 Evaluation of Sentinel-1 product processing 
The evaluation of the S1 product processing is given by discussing the processing steps in 

Section 5.1 (Step 1-4). In addition, the georeferencing given in Section 6.1.3 are discussed 

before an evaluation of the Sentinel-1 product processing results derived for all three study 

areas are given. 

 

Subsets 

The first step of the S1 product processing was creating subsets. Given in the S1 sensor 

overview in Section 2.1 the selected S1 products of this thesis are acquired in IW mode, 

meaning, they have mode swath widths of 250 km. Figure 12 displays the areal coverage of 

two S1 products (red squares) and the approximate area of Gudbrandsdalen study area 

(orange square). As seen in the figure, larger areal extent of the S1 products to be downloaded 

is seen compared to the study area extent. Each downloaded S1 product has a size of about 1 

gigabyte (GB). Creating subsets for each S1 product by using the polygons given in 

latitude/longitude pairs of Step 1 (Section 5.1) gave aerial extents of about 575 km2, 350 km2 

and 6543 km2 for Gudbrandsdalen, Birkeland and Kerala study areas, respectively. In addition 

to removing areas outside the defined study areas, the SNAP processing time was also 

reduced due to a file size reduction to about 0.007 GB. 

 

Calibration 

Even though the acquired SAR data was calibrated by the internal calibration system of the 

S1 instrument (Schied et al., 2010), a radiometric calibration was conducted when processing 

the S1 products. According to Array (2015) the first step of SAR product processing should 

be data calibration. The calibration should be performed in order to start the further product-

work off with product pixel values that truly represent the backscatter reflected by the earth’s 

surface. In other words, radiometrically calibrating the products adjust the values of the grey-
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scale pixels so that multiple images can be compared as all pixels are corrected in the same 

manner. As there has, in this thesis, been used data acquired from different sensors, being 

using the S1A and S1B satellite platforms, the data was radiometrically calibrated to ensure 

that the data was comparable. This processing step was performed for all products as both 

S1A and S1B products were selected for all three study areas. 

 

Terrain Correction 

Terrain correction was necessary to perform for the S1 images to be represented as close to 

the real-world coordinates as possible and for the performed S2 comparison approaches. 

When performing terrain correction, the geometric distortions present in the downloaded 

radar products caused by the radar geometry are corrected for. The processing step was 

performed for all downloaded S1 products. As given in Table 1, 5 and 9, all downloaded S1 

products are in Ground Range Geometry as they are Ground Range Detected (GRD) product 

types. The processing step was performed to convert the products into a Map Coordinate 

System from the original Ground Range Geometry. In other words, the step was performed to 

geocode the products. The geocoding corrects geometric distortion typically being shadowing, 

layover and foreshortening (Array, 2015). These three distortions are given in Figure 58 and 

explained by the following: 

“ 

I. Shadowing (S) 

• The back-slope is obscured from the imaging beam causing no return area or radar 

shadow. 

II. Layover (L) 

• When the top of the terrain slope is closer to the radar platform than the bottom the 

former will be recorded sooner than the latter. 

• The sequence at which the points along the terrain are imaged produces an image that 

appears inverted. 

• Radar layover is dependent on the difference in slant range distance between the top 

and bottom of the feature. 

III. Foreshortening (F) 

• The period of time a slope is illuminated by the transmitted pulse of the radar energy 

determines the length of the slope on radar imagery. 
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• This results in shortening of a terrain slope on radar imagery in all cases except when 

the local angle of incidence (q) is equal to 90 ̊. 

 

The effects of these distortions can be seen below. The distance between 1 and 2 can appear 

shorter than it should and the return for 4 can occur before the return for 3 due to the 

elevation.” 

(Array, 2015) 

 
Figure 58 Shadowing, Layover and Foreshortening distortion effects (Array, 2015). 

 

As seen in the methods chapter (Section 5.1), two different DEMs (ACE30 and TanDEM-X 

DEM) was used when terrain correcting the products (Step 3). ACE30 was used when terrain 

geocoding the Gudbrandsdalen and Kerala study areas products. For Birkeland study area the 

downloaded TanDEM-X data, given in Table 7, was used when correcting for the geometric 

distortions. Using two DEMs is believed to have created some result differences in between 

the results provided for the study areas. The reason being, the pixel-stretching effect given in 

Figure 24 (Section 6.1.2) was only detected at Birkeland study area. The effect was 

introduced to the Birkeland products after the terrain correction of the S1 products was 

performed, however, the pixel-stretching effect was only visually detected in hilly areas 

which are areas unlikely to be flooded due to steepness. Several areas of pixel-stretching were 

investigated using optical comparison at all sites to confirm. The later on discussed HAND 

index values supports areas of pixel-stretching being located in areas unlikely to be flooded. 



 90 

For example, the HAND values are calculated to range from about 50 to above 100 m (Figure 

44, Section 6.3.4) in the detected pixel-stretching areas of Birkeland sub-study areas (Figure 

24). 

 

Areas of steeper slope angles than the illumination of the radar and facing away from the 

illumination source produce a shadowing effect in the images of S1 that has a downwards-

right-looking viewing geometry (Bouvet et al., 2018). The radar images obtained for study 

sites i and j contains areas of shadowing as the sites are located in mountainous areas (see 

Figure 58). The detected shadowing in the processed products gave pixel values similar to 

those of inundated areas (Figure 23). Using an optical image in addition was found to be the 

most straight-forward and accurate approach to avoid misclassification. Optical images were 

used for flood extent comparison at all sites to some extent. As discussed, due to cloud cover 

there were not always optical images available at all sites for the same acquisition date as the 

flood event radar image. The shadowing findings given in Section 6.1.1 are found to be 

plausible as the radar image is acquired in an ascending pass direction creating shadowing in 

the eastern-looking mountain sides. This is also supported by the calculated HAND index for 

the area. As will later be discussed, a HAND index value of above 100 m was calculated for 

the area of shadowing detected in Figure 23 which indicates the area being located in an 

elevated and possibly steep hillside. 

 

Coregistration 

Even though the coregistration tool in SNAP is primary for coregistration of InSAR products, 

the selected products per study area was coregistered as they as said, were acquired using the 

two S1A and S1B satellites. The coregistraion was performed using one product (the master) 

to whom all the other images (slaves) were to be registered to. This was performed using 

2000 GCPs (Section 5.1, Step 4). Shift due to slight difference in incidence angles and/or 

image acquisitions might occur if the images are not coregistered. When shift occurs, change 

between images might be falsely classified as e.g. flood when it is in reality shift between the 

products. As the step was performed before creating image stacks it is not known if there was 

any shift present between the products. However, the coregistration is found to be 

successfully performed as there was not detected any shifts in the image results given in 

Section 6 where stacks were used. 
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Product stacks 

According to Clement et al. (2018) the time period used when selecting products to constitute 

the reference stack should be similar to the time period of the flood stack. As presented in 

Table 13, time intervals of two months per stack were defined when selecting products for 

Kerala study area. Due to some limitations in data availability from ESA these product stacks 

were not composited using the same number of products. Therefore, data for Kerala was not 

acquired every sixth day as it was for the Norwegian study areas. Stack kA-D was created 

using 5, 4, 6 (flood stack) and 5 products, respectively. As stated in Section 5.2, Kerala study 

area was the only area where a product flood stack was created. However, reference stacks 

were created for all study areas. The products acquired closest in time both before (7 

products) and after (7) the flood event at Gudbrandsdalen study area was selected to create 

two reference stacks identified by iA and iB, respectively. The reference stacks created for 

Birkeland study area were composited of 10 (jA) and 8 (jB) products. The products in stack 

jA were acquired before the flood event up until the time of the flood and jB after. Different 

number of products compositing the stacks was selected (4 to 10 products) to investigate a 

possible accuracy improvement regarding the results of the flood distinguishing. By visual 

investigations of the processed single and stacked products there were not detected any 

significant change caused by using different numbers of products in the created stacks. All 

products have the look of the same smoothening effect and it was not possible to determine if 

any specific selected number of products were to better the flood distinguishing at this point. 

False color composites created using the created processed singles and stacked products for 

flood detection are discussed in Section 7.4. 

 

Georeferencing 

The only product georeferenced was the Gudbrandsdalen flood product as the study areas 

mountainous location provided a downloaded S1 product containing distortions. It was not 

possible to perform optical comparisons of the flooded areas without georeferencing the S1 

product beforehand. The total RMS error of 0.271908 m obtained from the georeferenced 

image in Figure 25 shows how precise the Spline Transformation was. In a perfect world, we 

would have an RMS error of 0. However, an RMS error close to 0 does not necessary mean 

that the image is perfectly georeferenced. When an image is georeferenced, the distance of 

each pixel-move (the distance between the pixels original position to the corrected location) 

constitutes the error. The root mean square is then calculated for all these errors and 

constitutes the final result being the RMS error (Esri, 2018). The optical images of the figure 
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(images G-I) indicates that the georeferenced S1 product (D-F) is more ground true than the 

non-georeferenced product (A-C). As the locations and sizes of the for example flooded areas 

of the georeferenced product is seen as more similar to the optical product compared to the 

non-georeferenced product the georeferencing is thought to provide a more correct product. 

 

 

Evaluation of derived results 

Even though a clear “smoothened” appearance in the product stacks was detected by visual 

investigations of the processed S1 products (Figure 26), speckle is still present. Speckle 

filtering the products before and after stacking was tested using Single Product Speckle Filter 

and Multi-temporal Speckle Filter provided as tools in SNAP. The filtering was tested using 

different filters (Lee Sigma, Median and Gamma Map) and Window Sizes (3x3, 5x5 and 

7x7). Speckle filtering the products resulted in either a smoothening too great or not enough 

speckle being reduced. As stated, the areal extents of the Norwegian study areas are 

considerably smaller due to type of flood and geographic location. For example, the amount 

pixels identified as flooded at the Norwegian study sites constitutes a fractile of the number of 

flooded pixels for the Indian Monsoon flood. When speckle filtering the Gudbrandsdalen and 

Birkeland products it was consistently a problem of either smoothening the images too much 

resulting in removing areas of flood or not filtering enough for there to be any point of 

filtering (speckle still being present after filtering). Therefore, no speckle filtering was 

performed in the S1 product processing with the aim of not removing any possible flooded 

pixels or creating any falsely classified flooded pixels. Pixel values of the dark-grey/black 

speckle present in the products was investigated and was found to be similar to the ones being 

detected in inundated areas. Thereby, preforming speckle filtering is considered to provide a 

possible accuracy increase when distinguishing such small-scaled flooded areas such as in 

Norway. As a suiting speckle filtering was not found in the work of this thesis it is suggested 

to be investigated for further work. 

 

Areas of water in the processed products are detected by their low backscatter giving the 

products a dark-grey/black color compared to the other areas of the products where light-

grey/grey colors are seen (Figure 26, 36, 46 and 47). For all stacks created, a speckle 

reduction is seen giving the products a smoothened appearance when comparing to the single 

products. This smoothening gives the areas of water a more prominent look as the dark-

grey/black speckle of the surrounding areas is reduced. 
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As discussed, product stacks consisting of S1 flood products were only possible to create for 

the Kerala study area (k) acquired products due to product availability and length of flood 

periods. As stated, S1 products are at the most frequent acquired every sixth day. Meaning, 

the Indian flood event was the only event researched in this thesis lasting long enough for 

there to be more than one product available. The created flood stacks, given in Figure 47, 

display the same smoothened appearance as the Gudbrandsdalen (the iA and iB stacks) and 

Birkeland (jA and jB) reference stacks. When comparing the kA and kB reference stacked 

products to the Jan 1st and May 29th reference single products of Figure 46, respectively, the 

areas where flood is detected in the stacked products appear more prominent and continuous 

but in general lighter in grey-scale color. At these areas of the single reference products we 

see a sharper color shift in the grey-scale colors. For the flood stack, being the kC stack, the 

same trends are recognized. The stacked images appear smoothened and not so prominent in 

the flooded areas as the single Aug 21st image. For example, an area of flood is detected in the 

single product and not in the stack. However, a more continuous flood distinguishing is seen. 

Therefore, creating flood stacks is considered to reduce flood extent as the flood peak is 

averaged based on the other images of the stack. For the stack created of after flood event 

images, stack kD, low backscatter is detected for the areas of flood, meaning areas are 

possibly still inundated. Based on image k2d, being the single product acquired Sep 26th, the 

flood detected area in image k2h (kD) overestimates the area of low backscatter creating a 

look of a larger flood extent still being present. 

 

7.3 Evaluation of Sentinel-2 product processing 
Given in Section 2.2, the S2 products are acquired using an MSI where each downloaded 

product contains 13 spectral bands with a spatial resolution of 10 to 60 m. The selected bands 

used in the work of this thesis was the red, green and blue bands. As given in Table 2, 6 and 

10 (Section 4.3) these bands have a spatial resolution of 10 m. To be able to create product 

subsets it was a software requirement to resample the spectral bands to the same spatial 

resolution. Therefore, all downloaded S2 products were resampled (method given in Section 

5.5). The products were resampled to a 10 m resolution accordingly to the resolution of the 

selected spectral bands used. This resampling is considered not to impact the selected red, 

green and blue spectral bands used. 
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7.4 Evaluation of color composites 
As humans are used to interpret color images, the radar and optical images has been presented 

using RGB composites. The composites creates products easier to understand and visualize to 

the human eye (Zhu et al., 2007). Two types of RGB composites have been created in this 

thesis. One being a natural or true color composite and one a false color composite. The first 

one was created using optical and the latter using radar images. The optical created 

composites are named a true or natural color composite as it is created using the visual red, 

green and blue (RGB) spectral bands. When creating an RGB composite these bands 

corresponds to the red, green and blue image channels of the SNAP display (Section 5.6, 

Figure 21). The composites were created in such manner to represent the features of the 

images in such way as we see them with our eyes. Vegetation appears green, water blue and 

bare ground in a light grey/brown color. Some atmospheric distortion (blue light) creating the 

images to appear hazy and low in contrast are seen in for example Figure 15 (HSU, 2018). 

The S1 false color composites were created by assigning different selections of processed 

products a band to be composited. Three bands, represented by red, green and blue color, 

were selected. In all composites the flooded single or stacked product was selected to be 

represented by both the green and blue colors. By assigning the radar products a false color in 

this manner, the change between the reference and flood products are visualized as red. 

Speckle present in the images are presented by the color assigned to the different images. 

 

Evaluation of derived results 

A false color composites (FCC) created using a combination of single and stacked images will 

hereafter be termed a mixed FCC. FCCs created using only single or stacked images are 

termed single and stacked FCCs, respectively. 

 

FCCs created for Gudbrandsdalen study area displays an apparent variance in red color. This 

is especially seen in the river area of sub-study area i2 (indicated by yellow arrows, Figure 

27). As the figure shows, there is less red color apparent at the river area in the single FCC 

(image i2e) compared to the mixed FCCs (images i2f and i2g). Meaning, there was more 

detected change, being flood, in the mixed FCCs. The speckle present in the mixed FCCs for 

the Norwegian study areas, Figure 27 and 37, are seen to be redder than in the single FCCs of 

the figures where the latter has more green/blue colored speckle. It is possible that the 

difference in speckle color is caused by a slightly increased brightness in the input layers of 
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the stacks compared to the selected singles or because of the pixel reduction due to 

smoothening in the stacked products. This has not been investigated any further as it is the 

flood extent that is being investigated. The smoothened look described for the created stacks, 

given in the previous section, is still present in the mixed FCCs for Norway. This smoothened 

look gives the RGB images a visual impression of there being more flood present as the areas 

of flood (red) appear more continuous. As this is a visual interpretation it is not known if there 

is equally the same reduction in flooded pixels as there appear to be an increase causing this 

continuous look in the mixed FCCs. The greater flood extent detected in the river area of i2 in 

the mixed FCCs compared to the single FFC shows that there is in fact a difference in using 

time series for flood detection. A difference in the same degree was not detected for Birkeland 

study area, however, the continuous look of the flooded area gives the impression of there 

being more flood detected in the mixed FCCs created for the area. Again, it is important to 

highlight the difference in sub-study areas extents. With this note, it is not unlikely that there 

is a greater difference between the mixed and single FCCs on a smaller scale at Birkeland 

study area. The stacked FCCs created for Kerala study area (Figure 49) displays a general 

trend of there being less flood detected and more speckle reduced compared to the single and 

mixed FCCs. The redder color of the flooded areas in images k1-3j (Figure 48) gives the 

mixed FCC created using the kA stack a greater visually detected flood extent than the other 

mixed and single FCCs. There is not detected much difference in change between the k1-3j 

and k1-3i images (single FCC). The detected flooded areas of the mixed FCC using the kB 

stack is seen to be the smallest. The mixed FCC created using the kD stack shows to have the 

second least extent of detected flood. Meaning, for Kerala the mixed FCC created using a 

single flood product and a stack of dry period images gave the greatest flood extent. There 

was not seen much difference in using a single dry image compared to using a stack of dry 

images and the stacked FCCs gave the absolute smallest flood extents. 

 

The true or natural color composites are hereafter termed TCCs. Sentinel-2 TCCs will be 

referred to as S2 TCCs and PS TCCs for the PlanetScope TCCs. 

 

Again, the statement of Fisher (2015) (first given in Section 1.1) is given because of its 

importance regarding the use of optical images: “Clouds and their shadows are often a 

significant problem when conducting remote sensing of the earth´s surface as they can locally 

obscure surface features and alter reflectance”. As given in the result section, cloud cover at 

the study areas provided challenges when distinguishing flood and dry areas. Optical images 
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selected for the Gudbrandsdalen (i) flood event were the least cloud cover affected ones out of 

the three study areas. As this spring flood event was solely being caused by snow melt in the 

highland (Section 4) there was not much cloud cover in the area at the time of the flooding. 

However, the cloud shadows present can still cause misclassification of water or wet surfaces 

as these features have a great spectral similarity (Ludwig et al., 2019). The clouds present in 

the S2 TCCs are given in Figure 28 where the arrows indicate areas of clouds. As these clouds 

are mainly located over the river areas of sub-study areas i1 (May 14th) and i3 (May 8th) they 

are not considered to obscure the areas of flood. Table 4, 8 and 12 gives a 3x3 m spatial 

resolution for the selected PlanetScope products compared to the 10x10 m given for the S2s. 

The one-day earlier flood PS TCC (May 13th) acquired product, given in Figure 29 (image 

i2s) display an increase in detected change compared to the flood S2 TCC (image i2i, Figure 

28). The area of increased change is indicated by a yellow oval. It is not known whether or 

not this changed area is affected by cloud shadow, flooding or a combination of the two. 

However, this changed area was also detected in the S2 flood TCC (the red arrows in image 

i2i, Figure 28) and in the mixed FCCs (yellow arrows in images i1-3f-g, Figure 27). 

Therefore, the detected change in the river area at sub-study area i2 of the PS TCC product 

(yellow oval of Figure 29) is thought to be affected by flood at least to the extent of the two 

detected change seen in the mixed S1 TCCs and the S2 TCC as they all indicate an area of 

change. Clouds and possible cloud shadows were, as seen by the red and white arrows of 

Figure 29, image i1s, detected in the PS TCC flood product. As given, the PS TCCs was only 

used for visual comparison and the areas of detected clouds and possible cloud shadows have 

not been investigated any further. For Birkeland study area (j) clouds covering the area at the 

time of the flood (October 3rd) are seen. Figure 38 display this cloud cover represented by the 

three sub-study areas in images j1-3h. This supports the flood event being caused by heavy 

rainfall (Section 4). The shadowing caused by low solar radiation angle at this time of year 

are indicated by white arrows in images j1-3j. Note this shadowing, as it created distortions 

when calculating the NDWI (later discussed in Section 7.5). Areas of change between the 

reference and flood S2 TCCs, indicated by red arrows in images j1-3i, is visually detected 

even though the mentioned cloud veil is covering the images. There was not detected any area 

where the cloud veil was too dense to identify changes. An area of a possible feature 

shadowing, indicated by a yellow arrow in image j1i (Figure 38), was also detected in the S2 

TCC. The higher resolution PS TCC selected was acquired the same day as the flood S2 TCC 

(Figure 39). The same areas of flood related change are detected in the PS as the S2 TCC. 

Shadowing caused by low solar radiation is also seen in this product (indicated by yellow 



 97 

arrows in images j1-3s, Figure 39). For Kerala study area a selection of five S2 TCCs was 

created (Figure 50). Again, due to cloud cover, a wider selection was chosen. As the figure 

displays, all August acquired images are affected by cloud coverage to different degrees, 

however, the flooded areas of the products are detected by their homogenous surface obscured 

by cloud covers to different degrees. The image acquired in January, selected as reference 

image, display little or no clouds. A PS TCC was also created for the study area (Figure 51). 

This 3 m resolution image also display cloud cover with a homogenous surface beneath 

(being the area of flood). 

 

7.5 Evaluation of NDWI 
As highlighted, a potential source of error when using optical images for earth surface 

surveying by satellite data is clouds and their shadows, meaning, possibly obscured surface 

areas and disrupted surface reflections (Fisher, 2015). With this in mind, an evaluation of the 

derived NDWI results is given in the following. 

 

Evaluation of derived results 

Areas of error due to clouds was detected in the calculated NDWI layers for Gudbrandsdalen 

study area (i), given in Figure 30 (images i3j and i1k). As the calculations were based on two 

images of different acquisition dates the clouds are changed between the two. As seen in 

Figure 28 the clouds at sub-study area i1 were detected in the S2 flood RGB image (image 

i1i) and in the S2 reference RGB image at sub-study area i3 (i3h). Seen by the NDWI 

calculated layers, layer gaps were created in the corresponding areas of clouds. For sub-study 

area i3 a cloud was detected in the reference product creating an underestimation of calculated 

NDWI due to lack of ground-sight. The same applies for the flood product at i1. Therefore, 

the calculated water coverage (Table 14) of 29.3 % (i3 reference layer) and 48.0 % (i1 flood 

layer) are both numbers of underestimation due to clouds. Sub-study area i2 is not affected by 

clouds. In both cases, the corresponding reference or flood NDWI layer for these sub-study 

areas were not affected by clouds. The ratio, again given in Table 14, of approximately 3.1, 

means the NDWI flood layer is about 3.1 times larger than the reference NDWI, is thought to 

be likely. The previous displayed i1 and i3 sub-study area images given in Figure 26 (S1 

products) shows areas of low backscatter in the areas of the detected clouds (indicating areas 

of water). Thereby, the discussed areas of NDWI calculation failure are believed to be caused 

by clouds. Figure 31, displaying overlap between the NDWI calculated flood and reference 
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layer. The areas indicated by white arrows of the figure are represented by the reference 

(assigned a blue color) NDWI layer (image i1l). For the yellow arrow, the area is represented 

by the flood (red) layer (image i1l). The figure, created to display the “normal”/reference 

waterbodies present at the study area (indicated by purple color), indicates areas of believed 

NDWI failure. Based on the radar findings the layer colors at the arrow pointed out clouded 

areas in Figure 31 is thought be correct and, again, been caused by NDWI failure due to 

clouds. The calculated water coverages and ratios for sub-study areas i1 and i3 in Table 14 are 

not considered to be comparable as the same gaps caused by NDWI calculation failure are not 

present in both the reference and flood layers. In other words, at sub-study areas where gaps 

are present in one layer creates an underestimation of the calculated NDWI compared to the 

corresponding layer of flood or reference where no gaps are detected. However, the calculated 

increase of water detected by the flood NDWI calculations of 34.5 (sub-study area i1), 35.6 

(i2) and 27.8 (i3) % compared to the reference layer gives an indication of there being change 

in the area. As there were no gaps detected in either calculated NDWI layers for sub-study 

area i2, the indication of there being change in the area is supported by the calculated water 

extent detected in the flood NDWI being increased (by 35.6 %) compared to the same area of 

the reference NDWI. For the area of detected change in the river area of sub-study area i2 by 

the mixed FCCs compared to the single FCC and optical products, the river area of the 

calculated flood NDWI layer is detected as increased compared to the reference NDWI at i2. 

This detected change supports the theory of there being a possible improvement in using 

stacked products for flood distinguishing. 

 

The NDWI reference layer calculations performed for Birkeland study area (j) was strongly 

affected by topographic shadowing. Topographic shadowing is, as for clouds and cloud 

shadows, not possible to distinguish spectrally in optical products. However, they can be 

distinguished by their geographic locations. As the sun illumination angle is constant for the 

whole scene, areas of topographic shadowing can be identified. This is possible as the 

direction of the shadowing is relative to the topography (Martinuzzi et al., 2007). The 

calculated reference NDWI layer (images j1-3l) in Figure 40 displays an over-classification of 

detected water when comparing to the radar and optical findings. Given in Table 16, the 

reference NDWI layer represented by sub-study areas j1-3 has a water-coverage of about 3 

(j1), 5.7 (j2) and 4.8 (j3) times greater than the NDWI flood layer. In other words, the 

reference layer has water coverage of 34.7 to 42.4 % whilst the water coverage in the flood 

layer range between 6.7 to 13.9 % at the represented sub-study areas (meaning an calculated 
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increase of 28.5 (sub-study area j1), 31.2 (j2) and 27.4 (j3) % in the calculated reference 

NDWI layer). These numbers, in addition to the optical, given in Figure 38 and 39, and radar 

(Figure 36 and 37) findings implies that this is an area affected by topographic shadowing. 

The detected possible feature shadowing discussed for the optical products, now indicated by 

a red arrow in image j1k (figure 40), are seen as not calculated as water by the NDWI. The 

red color given by the NDWI overlay figure (Figure 41) gives an easy visual representation of 

the detected flooding at the site as the red color is distinguished from the surrounding areas of 

overlap (purple) and shadowing (transparent blue). 

 

Due to cloud cover challenges for Kerala study area (k), four NDWI calculations was 

performed representing the flooded situation. The calculations were based on images acquired 

on four different dates during the monsoon flooding (Figure 50). Given in Table 18, the 

highest water coverage percent calculated for sub-study areas k1 (7.7 %.) and k3 (7.5 %) was 

derived from the August 30th acquired product. For k2, the product acquired on the 20th gave 

the highest calculated NDWI of 45.6 % compared to the 37.0 % water coverage calculated 

using the August 30th product. For sub-study area k1-3, the reference NDWI was calculated to 

have a water coverage of 3.2, 1.3 and 1.3 %, respectively. The ratio calculations performed 

dividing each NDWI flood by the reference NDWI gives the calculated flood NDWI layers of 

highest water coverage ratio values of about 2.4 (sub-study area k1), 35.9 (k2) and 5.8 (k3). 

Meaning, at these sites, there are about 2.4 to 35.9 times more water detected in the flood 

NDWI layers compared to the reference NDWI. As discussed for the created Kerala TCCs, 

the difference in calculated NDWI water coverages are indicated to have been caused by the 

variance in cloud covers both between selected products and the sub-study areas of each 

product. As seen in Figure 50, the clouds obscuring the Earth’s surface implies there being 

NDWI calculation difficulties as layer gaps are created in the corresponding areas of clouds in 

the shown calculated layers of Figure 52. The calculated flood NDWI layers laid over the 

reference NDWI (Figure 53) where the cloud-free reference S2 image is used as basemap to 

display a visual representation of the calculations made. By the figure, one can see how the 

calculated flood NDWI covers a greater area in image k2bb compared to the other given k2 

images. The same goes for the k1dd and k3dd images. The red areas of these images are 

visually detected as greater than the other k1 and k3 images. 
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7.6 Evaluation of HAND 
Before starting to evaluate the usage of HAND as a method and the derived HAND results, 

one remark considering the choice of basemaps for the displayed results is important to make. 

For all study sites there are two figures where S1 products has been used as basemaps. One 

being an overview map where the calculated HAND layer has been overlaid (using 50 % 

transparency) the S1 product and one being a “zoomed-in” view where the sub-study areas are 

represented. Due to the radar geometry and processing challenges discussed in Section 7.2, 

there are some inaccuracies regarding this comparison approach being the usage of a radar 

image as basemap for a DEM derived layer calculation. The cause of this is, the S1 and 

TanDEM-X products are acquired by two different satellite systems. As stated by the result 

section, the aim of this comparison approach is solely created for visual interpretation. The 

radar, optical and DEM are not found to be comparable at a precise enough level to be used 

for any other reasons than visual comparison. In other words, in cases where products 

acquired from different satellite systems has been presented as layers in the same figure the 

aim has been a visual representation. 

 

Evaluation of derived results 

Figure 32-33 (Section 6.2.4), displays what is interpreted as striping in the calculated HAND 

for Gudbrandsdalen study area (i). The striping (given by white arrows in Figure 32) is 

stretching in a North-South direction. By comparing the areas of striping to the radar and 

optical results presented for the study area, no evidence supporting the striping to be 

reasonable was detected. The DEM was also investigated to look for sources of error. Striping 

was not identified in the used DEM or the derived stream raster. Calculated HAND for the 

whole of study area i is given in Figure I.12 (Appendix I). The striping is more evident in this 

larger scaled figure. There has not been found any relevant literature explaining this 

phenomenon. The striping is believed to be cause by a possible pre-programmed requirement 

where the HAND pixels possibly have to be continuous. In areas where the process failed to 

calculate one or several pixels, the processing connects the pixels before and after the failure 

to keep a continuous flow of pixels. Creating what looks like a pixel jump. In short, the last 

pixel before the failure is connected to the first one after the failure. One other remark is the 

North-South direction of the stretching which also might be a part of the possible algorithm 

artefact. The striping was not detected in the HAND calculations made for study areas j and k. 
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The HAND layers calculated for study areas j and k are given for the whole of the areas in 

Figure II.14 and III.31 in Appendicies II and III, respectively. 

 

Gudbrandsdalen study area being located in a mountainous area is supported in Figure 32 

where we see a great amount of calculated HAND index values being over 100 m (red color). 

Gudbrandslaslågen river seen in Figure 14 (Section 4.3.1) is recognized as a continuous blue 

colored feature (calculated HAND of less than 10 m). The area of possible radar shadow 

detected by optical findings in Section 6.1.1, indicated by stippled arrows in Figure 33, has 

calculated HAND index values of more than 100 m (red HAND index color). By comparing 

the area to the same area of the optical image (Figure 14) the area is found to be located in a 

hillside. The area is thereby suggested to be proven as affected by radar shadow and not flood. 

For Figure 34, being one of the two figures (Figure 33 and 34) where S1 products have been 

used as basemaps for Gudbrandsdalen study area, the S1 speckle creates fuzzy flood extent 

boundaries. In areas of fuzzy boundaries, it was found to be difficult to determine if the areas 

were flooded or not as it was challenging to define if the area reached the expected HAND 

index values or not. As seen by the figure, green HAND index colors are detected in areas of 

fuzzy boundaries (Figure 34). When investigating the area indicated by the white arrows of 

the images in the figure using Google Earth there was not found to be any terrain elevations 

explaining the elevated HAND index area. Thereby, the comparison approach of the HAND 

index overlaid on the radar product is thought as proven to cause inaccuracies when 

comparing the two due to these fuzzy boundaries and the data of the two products being 

acquired using different satellite systems. However, the georeferenced S1 image possibly 

could have created errors as the selected links between the S1 and S2 products (Section 5.4) 

was manually performed. Again, the georeferenced image is only used as a comparison 

approach to the derived HAND index. Given in Section 6.3.4 all HAND colors were detected 

at all three sub-study areas of Birkeland study area (j). Again, using the S1 product as 

basemap creates difficulties when interpreting the HAND results based on the radar product. 

However, a trend of there being HAND values of less than 10 m (blue color) in the river area 

of study area j is seen in Figure 43 and 44. Areas of shadowing detected in the optical 

products (discussed in Section 7.4), are supported by the derived HAND index values 

calculations as there is seen a clear indication of there being elevation changes ranging from 

below 10 to above 100 m at all three sub-study areas. The source areas (hillsides) of the 

detected topographic shadowing in the optical products (examples given by white arrows in 

images j1-3j, Figure 38) are believed to be supported by the calculated HAND index values 
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mainly ranging from about 50 to above 100 m (orange and red colors) seen in the 

corresponding areas. For the Kerala study area (k) the calculated HAND index (Section 6.4.4) 

indicates the area of sub-study area k1 and k3 being rather flat (a maximum HAND value of 

40 m). The same generally applies for k2 except some areas where the HAND index value is 

calculated to be 40 to 50 and 50 to 100 m (Figure 54-56). 

 

7.7 Evaluation of CDAT 
When calculating CDAT, two S1 products were selected per study area. One to be used for 

reference and one for flood CDAT calculations. The following products were selected: 

 

• Study area i: May 8th (reference product) and May 14th (flood), 2018 

• Study area j: September 27th (reference) and October 3rd (flood), 2017 

• Study area k: January 17th (reference) and August 21st (flood), 2018 

 

Speckle filtering was performed for all products to reduce noise in the final products. As 

earlier discussed, speckle filtering the S1 was found to either result in a possible false 

classification of flooded and non-flooded pixels or not enough speckle reduction for there to 

be any point in the performance. However, for the products to be used for CDAT calculations 

speckle filtering was performed to create a layer as continuous yet accurate as possible. The 

filter selected, being Lee Sigma with a window size of 5 x 5 pixels, was chosen to be as 

conservative as possible. In other words, a decision of how much data that could and could 

not be filtered away was made. The calculated NDWI layers per study area was also used for 

comparison when deciding the filter to be applied. CDAT was also calculated using non-

speckle filtered products for comparison. By investigating the CDAT calculations created 

using the speckle and non-speckle filtered products a clear reduction in noise was seen in the 

filtered products. 

 

Thresholding 

Huang et al. (2017) conducted a study of surface water mapping using S1 data at four study 

sites in Europe (three sites located in Wales, England, and one in Shrewsbury, Switzerland). 

A threshold for potential water distinguishing was defined to be -17 dB in VV. The 

thresholding was based on comparison to existing water maps for the areas. The water maps 

were considered to be actual maps giving the “true” water body situations at the sites. As seen 
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in Section 3.1.2, different backscatter values for flood water has been detected by previous 

studies. Manjusree et al. (2012) observed backscatter of flood water to range from -6 dB to -

15 dB in VV. Schlaffer et al. (2015) identified the flooded pixels to be ranging from -8 dB to -

13 dB and 0 dB to -13 dB at their two different study sites (also in VV). As presented in 

Section 6.2.5 and 6.3.5, the detected backscatter pixel values at study areas i and j was found 

to range between -16 and -21 dB, respectively, and between -20 to -25 dB for study area k 

(Section 6.4.5). 

 

Evaluation of derived results 

Water present in the calculated flood CDAT for sub-study areas i1-3 (Gudbrandsdalen) was 

calculated to have increased by 28.6, 22.6 and 22.9 %, respectively, when subtracting the 

water layer from the reference. In other words, the water present in the flood CDAT layer was 

calculated be about 2.8, 2.5 and 1.5 times greater than the reference layer (Table 15). As 

discussed in Section 7.5, when doing the same calculations for the calculated flood NDWI 

(Table 14) the amount of water is calculated to have increased by 34.5, 35,6 and 27.8 % at 

sub-study area i1-3. When comparing the number of flooded pixels detected by the two 

methods, we see an increase of 5.9, 13 and 4.9 % more flooded pixels calculated by the 

NDWI compared to the CDAT. The lower calculated CDAT statistics is thought to be caused 

by not using a georeferenced product (method given in Section 5.9), meaning, the sub-study 

areas extents do not correspond to the extents of the optical based NDWI calculations (Figure 

30). The mentioned “squeezed” appearance is not seen for the S1 product used for CDAT 

calculations (Figure 35), therefore, the two calculations are not based on the same areal 

extents and cannot be compared in this manner. However, when visually investigating areas 

of overlay in the NDWI (Figure 31) and CDAT (images i1-3q, Figure 35) products the same 

trends in relation to detected flood is seen (red color in both figures). As seen by the methods, 

the products used for CDAT calculations was not georeferenced as the water-masks was 

calculated using SNAP and georeferencing (Section 5.4) was performed using ArcMap. 

Therefore, georeferencing the radar products before calculating the CDAT water-masks are 

suggested for further work for an improved comparison between the two methods. 

 

For Birkeland study area (j), the calculated reference CDAT layer in Figure 45 (images j1-3p) 

does not display the same water detection as the calculated reference NDWI layer (images j1-

3l) in Figure 40. The calculated reference NDWI water coverage was greater compared to the 

flood NDWI coverage (discussed in Section 7.5). The calculations were implied by the 
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HAND index values, radar and optical visual findings in the areas to be caused by 

topographic shadowing. Table 17 displays an increased water-coverage in the flood CDAT 

layer of 9.1 (sub-study area j1), 5.7 (j2) and 5.6 (j3) % compared to the reference CDAT 

layer. Meaning, the calculated CDAT layer has a water-coverage about 1.9 (j1), 2.4 (j2) and 

2.1 (j3) times greater than the corresponding areas of the reference layer. These CDAT 

findings supports the findings of the S2 flood product being affected by topographic 

shadowing. 

 

Given in Table 19, the reference CDAT layer represented by sub-study area k1-3 has a water-

coverage respectively of about 6.1, 39.0 and 46.9 times greater than the CDAT flood layer. 

By subtracting the calculated reference water-coverage from the flood coverage we see an 

increase of 11.4, 37.3 and 12.4 % in the flood CDAT layer. As the reference CDAT is 

considered representative of the normal situation, removing this water-coverage from the 

flood CDAT creates an estimation of the flood extent. As discussed, when performing the 

same subtraction using the highest detected water-coverages and the reference NDWI layer 

calculations (Table 18), an increase in NDWI flood water-coverage is calculated to be 4.5, 

44.3 and 6.2 %. A water extent decrease of 7 (k2) and increases of 6.9 (k1) and 6.2 (k3) % are 

calculated for the CDAT when compared to the NDWI calculations. As discussed in section 

7.3, the optical products available during the Kerala study area flood event was affected by 

cloud cover and the calculated flood NDWI results are hereby supported to be influenced by 

cloud covers as they display less water detected at sub-study area k1 and k3. The 7 % increase 

in water detected using the NDWI method at sub-study area k2 are believed to be caused by 

the 11 day difference in acquisition dates (possibly a difference in flood extent between the 

two), speckle in the radar product (causing less pixels to be calculated as water), the 

performed speckle filtering (a possible flood extent reduction caused by filtering) and/or 

difference in geographic locations between the radar and optical products (again, caused by 

not georeferencing the radar products). 

 

7.8 Recommendations for further work  
Recommendations for further work and the use of other methods are discussed in the 

following section. 

 



 105 

Taking advantage of the big data available from Earth Observation (EO) , Cian et al. (2018a) 

developed a Normalized Difference Flood Index (NDFI) for rapid flood mapping using 

Sentinel-1 data. The researchers of the study created two image stacks using products from 

the same S1 orbit. One stack consisted of only reference products (reference) and one 

consisting of the flood product in addition to the reference products (reference + flood). The 

stacked products were radiometrically calibrated and terrain corrected before the backscatter 

(𝜎g) was statistical analyzed (minimum, maximum and mean values). Using the calculated 

statistics, the NDFI was calculated. The equation is given in Equation 5. 

 

𝑁𝐷𝐹𝐼 =
𝑚𝑒𝑎𝑛	𝜎g("reference") − 𝑚𝑖𝑛 	𝜎g("reference	+	flood")
𝑚𝑒𝑎𝑛	𝜎g("reference") + 𝑚𝑖𝑛 	𝜎g("reference	+	flood")

 

Equation 5 (Cian et al., 2018a) 

 

The calculated mean values of the reference stack is explained by Cian et al. (2018a) as the 

average behavior of the land surface. Wind causing rough surfaces is believed by the authors 

reduced in the results by this averaging. For example, if pixels of low backscatter (indicating 

a water surface) are located in an area where some pixels have higher backscatter values (for 

example due to wind) the averaging will reduce the distortion. Smooth surfaces will, for 

example, have mean values close to zero and higher values ranging between 0 and 1 will 

indicate rougher surfaces of higher backscatter. According to the authors, by calculating the 

NDFI, temporarily flooded areas can be distinguished from permanent water bodies and other 

non-water areas by using means of a constant threshold. 

 

As given by Antonova et al. (2016) a surface water roughness will create an increase in 

backscatter signals and thereby the discrimination between flooded and non-flooded areas 

may thereby be difficult (Antonova et al., 2016). Thereby, calculating NDFI could improve 

the SAR based flood distinguishing conducted in this thesis as these rough water surfaces can 

be reduced to less prominent. The river areas of the Gudbrandsdalen and Birkeland study area 

is thought to be affected by such wind caused surface roughness as speckle has been detected. 

However, separating areas of flood from the other water bodies present at the selected study 

areas would create difficulties when using optical comparison. Therefore, a method similar to 

the NDFI for the optical data is proposed if using the NDFI. For the work of this thesis, the 

reference and flood NDWI layers calculated are displayed using overlay. As discussed in 

Section 7.5, areas of overlay are indicated by a purple color. Therefore, if NDFI was 
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calculated the method are considered to be comparable to the NDWI method when using 

these created layers of overlay. The flooded (red) areas of the calculated NDWI overlay map 

could be compared to the NDFI if the areas of overlay (indicated by purplecolor) was 

removed. If so, the findings of the NDWI are considered to be potentially supported. 

 

Further, Cian et al. (2018b) estimated flood depth in a study conducted based on the already 

given NDFI study. This research was performed in two stages. First, high-resolution SAR 

images were used for precise flood detection using the already given NDFI calculation. 

Second, flood depth was estimated using means of high-resolution DEM data. The water 

surface elevation was estimated by calculating the elevation difference from the estimated 

water surface to the corresponding DEM pixel value. For the continuous flooded area of the 

study, the water surface (considered to be flat) was investigated as a polygon. A gentle slope 

elevation difference was allowed by the method of the study. 

 

Calculating the flood depth is considered to improve the findings of this thesis but are not 

considered to be applicable for all sites. The method by Cian et al. (2018b) is considered to 

cause some challenges at for example the Gudbrandsdalen study area. As the study area is 

located in a mountainous area and the method does not allow for great elevation differences it 

is uncertain to which degree the method is applicable. However, for the Kerala study area 

where the HAND calculations indicated the flooded area to be located at low elevations the 

method is considered to be more applicable. For the area, one could possibly identify whether 

or not the SAR system was able to successfully detect all flooded pixels of the shallow 

flooded areas or if some where lost due to backscatter from other features like for example 

vegetation. Therefore, estimating the water surface elevation is considered to improve the 

derived results of this thesis. 
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8 Conclusions 
The main objective of this study was to investigate the potentially improved flood extent 

mapping when using Sentinel-1 time stacks compared to S1 single products. The 

improvement potential was investigated by first processing all S1 data in the same manner for 

comparability when creating S1 test results for three selected study areas (termed i-k). Three 

sub-study areas per site were selected to represent the areas. Processed singles and stacks 

were created for all study areas using the same methods. Stacks were composited using 

different numbers of products for tests. The S1 test results have been compared to optical 

flood mapping by visual investigation and to results derived from NDWI, HAND and CDAT 

calculations. The concluding remarks is given in the following. 

 

In the process of correcting the S1 products for geometric distortions, such as radar shadow 

caused by the satellite image acquisition angle, pixel-stretching was introduced to the 

Birkeland study area products. This feature was supported by calculated HAND index values, 

as the areas of stretching were indicated by the index to be located in areas unlikely to be 

flooded (at elevations of more than 50 m above nearest drainages). Optical findings 

strengthened the calculated HAND index values as hillsides were seen in the areas of pixel-

stretching. Speckle, present in all downloaded products, were not successfully filtered as a 

suiting pixel-window averaging was not found during tests. For the Gudbrandsdalen sub-

study areas, with the smallest areal extents of ~ 1 km2, the speckle filtering tests where a 

reasonable amount of speckle where reduced resulted in an averaging too great creating a 

change in the detected flood extent. As pixel values of speckle and water was found to be 

similar a suited speckle filter is suggested to be investigated and used for further work as it is 

considered to improve the accuracy of the derived flood extents. 

 

There were not found any significant change between the created stacks by visual 

investigations. The stack results showed a clear smoothening appearance compared to the 

processed singles; however, speckle was still present. As SAR Sentinel-1 products at most 

frequent were available at every 6th day, product stacks consisting of flood products were only 

possible to create for Kerala study area due to the length of flood periods. By comparing areas 

of low backscatter in the result stack to the used single products, the flood peak was found to 

be lost as the single product of the most detected flood was averages based on the single 

products containing a smaller flood extent. The findings became more prominent when false 



 108 

color composites were created. Composites created using the flood stack were found to result 

in an increased flood extent compared to composites created using single products and/or 

reference stacks. Even though optical imagery available for Kerala study area acquired during 

the time of the flood was affected by cloud coverage and the findings was not possible to be 

successfully compared, the conclusion that flood extent mapping was not improved when 

using flood stacks is drawn. The reason being, inhabited areas could be excluded when 

assessing the extent of such a hazard as the maximum flood extent was not seen in the result 

products. 

 

On the other hand, flood extent mapping was successfully improved when using a 

combination of single and reference stacked products for creating false color composites at 

Gudbrandsdalen study area. The greater flood extent was supported by optical findings in the 

Sentinel-2 and PlanetScope products. The findings were also recognized by the derived 

NDWI flood map and HAND index calculation values of less than 10 m in the area. A 

significant greater flood extent was not detected for Birkeland study area when using the same 

combination, however, the results indicated an increased extent when comparing to a 

composite of only singles, as areas of flood appeared more continuous due to smoothening. 

For Kerala study area the greatest flood extent was detected in a false color composite created 

using a combination of single and reference stack. The indicated improvements for Birkeland 

study area was not possible to detect by optical findings in the S2 and PlanetScope products 

acquired at the same day as the S1 due to lack of ground sight (obscured by clouds and cloud 

shadows). The same applied for the Kerala acquired products. Thus, as Birkeland and Kerala 

has been represented using larger sub-study areas extents it is reason to believe that the 

change is greater on smaller scales. Therefore, sub-study areas extents of ~ 1 km2 is suggested 

to be used for further research. 

 

Concluding remarks regarding the NDWI, HAND and CDAT calculations are summarized by 

the following bullet-points. 

• Clouds and cloud shadows creating gaps in the calculated NDWI maps was found to 

create difficulties when calculating precise water coverage percentages, however, 

NDWI calculations was found to be suited for estimating flood extents in areas not 

affected by clouds.  

• HAND was found to be suited for S1 flood extent comparison. Areas of detected 

change were compared to the calculated HAND index for comparison. The HAND 
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index gave an indicator of whether or not the area was likely to be inundated based on 

the derived HAND value. In this process, features like radar shadow were detected.  

• When calculating CDAT, it was found of importance to speckle filter the products 

before calculating. Even though speckle filtering turned out to reduce the areas of 

flood, using un-filtered products provided speckle being calculated as flooded pixels. 

It is not known if the filtering removed, by window averaging, the approximate same 

number of flooded pixels as it classified new ones as flooded. Like the NDWI, the 

CDAT calculations were found to be suited for estimating flood extents. 

 

Overall, stacks created using only flood products were found not to be suitable as the flood 

extent of the peak product is averaged and thereby reduced based on the other products. For 

hazard mapping one wants to predict the worst-case scenario and not underestimate the flood 

extent. An improved flood extent mapping when using Sentinel-1 time stacks compared to S1 

single products was successfully created using a combination of single flood and stacked 

reference products when creating false color composites. Optical data was found to be a 

helpful tool when defining whether or not an area was likely to be inundated. In cases where 

clouds were not covering the optical data areas detected as flood in the radar products could 

be compared. Thus, optical imagery acquired late fall for Birkeland study area gave 

shadowing due to low solar radiation angle. The HAND index proved helpful in detecting 

features like radar shadow in addition to investigate the likelihood of inundation. CDAT and 

NDWI gave estimations of the flood extents and the color composite proved to be overall 

good for visual flood investigations. The aim of this study is successfully reached as an 

improved flood mapping method using satellite radar time series for assessing extent has been 

found. 

 

As a final note, NDFI calculations is believed to improve the results of this thesis as the 

method could reduce water roughness caused by wind. The method is suggested to be 

implemented in further research. Calculating the flood depth is also considered to provide 

interesting information on whether or not the full extent of the shallow Kerala study area 

flood has been distinguished by the work of this thesis or if some flooded pixels possibly was 

detected as vegetation as this was an area of agriculture. 
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Martinuzzi,	S.,	Gould,	W.	A.,	&	González,	O.	M.	R.	(2007).	Creating	Cloud-Free	Landsat	
ETM+	Data	Sets	in	Tropical	Landscapes:	Cloud	and	Cloud-Shadow	Removal.	
General	Technical	Report	IITF-GTR-32.		

McFeeters,	S.	K.	(1996).	The	use	of	the	Normalized	Difference	Water	Index	(NDWI)	in	
the	delineation	of	open	water	features.	Remote	Sensing,	17,	1425-1432.	
doi:10.1080/01431169608948714	

NTB.	(2017,	October	3rd,	2017).	Flommen	på	Sørlandet	har	gjort	skader	for	over	250	
millioner,	Online.	abcnyheter.	Retrieved	from	
https://www.abcnyheter.no/nyheter/norge/2017/10/03/195337163/flommen
-pa-sorlandet-har-gjort-skader-for-over-250-millioner	

Perrou,	T.,	Garioud,	A.,	&	Parcharidis,	I.	(2018).	Use	of	Sentinel-1	imagery	for	flood	
management	in	a	reservoir-regulated	river	basin.	Front.	Earth	Sci.,	12(3),	506-
520.	doi:10.1007/s11707-018-0711-2	

Planet.	(2019,	May).	Planet	Imagery	Product	Specifications.	Retrieved	from	
https://assets.planet.com/docs/combined-imagery-product-spec-april-2019.pdf	

Qiao,	C.,	Luo,	J.,	Sheng,	Y.,	Shen,	Z.,	Zhu,	Z.,	&	Ming,	D.	(2012).	An	Adaptive	Water	
Extraction	Method	from	Remote	Sensing	Image	Based	on	NDWI.	40,	421.	
doi:10.1007/s12524-011-0162-7	

Schied,	E.,	Rostan,	F.,	Østergaard,	A.,	Traver,	I.	N.,	&	Snoeij,	P.	(2010).	The	Sentinel-1	C-
SAR	internal	calibration.	Proceedings	of	the	European	Conference	on	Synthetic	
Aperture	Radar,	EUSAR.		

Schlaffer,	S.,	Matgen,	P.,	Hollaus,	M.,	&	Wagner,	W.	(2015).	Flood	detection	from	multi-
temporal	SAR	data	using	harmonic	analysis	and	change	detection.	International	
Journal	of	Applied	Earth	Observations	and	Geoinformation,	38(C),	15-24.	
doi:10.1016/j.jag.2014.12.001	



 114 

Twele,	A.,	Cao,	W.,	Plank,	S.,	&	Martinis,	S.	(2016).	Sentinel-1-based	flood	mapping:	a	fully	
automated	processing	chain.	Remote	Sensing,	37,	2990-3004.	
doi:10.1080/01431161.2016.1192304		

UNAVCO.	(2018,	March	8th,	2018).	Synthetic	Aperture	Radar	(SAR)	Satellites.	Retrieved	
from	https://www.unavco.org/instrumentation/geophysical/imaging/sar-
satellites/sar-satellites.html	

Winsvold,	S.	H.,	Kääb,	A.,	Nuth,	C.,	Andreassen,	L.	M.,	van	Pelt,	W.,	&	Schellenberger,	T.	
(2017).	Using	SAR	satellite	data	time-series	for	regional	glacier	mapping.	The	
Cryosphere	Discussions,	1-40.	doi:10.5194/tc-2017-136	

Yr.	(2019).	Kadikkād,	Kerala	(India).	Retrieved	from	
https://www.yr.no/place/India/Kerala/Kadikkād/statistics.html	

Zhu,	Y.,	Varshney,	P.	K.,	&	Chen,	H.	(2007).	Dimensionality	Reduction	of	Hyperspectral	
Images	for	Color	Display	using	Segmented	Independent	Component	Analysis.	Paper	
presented	at	the	Image	Processing.	Conference	Paper	retrieved	from	
https://www.researchgate.net/publication/4289447_Dimensionality_Reduction_
of_Hyperspectral_Images_for_Color_Display_using_Segmented_Independent_Com
ponent_Analysis	



 115 

 Appendix I 
Appendix I includes Figures I.1-I.15. Maps created using ArcMap displaying processed S1 

single products, S1 color composites, S2 color composites, NDWI, HAND index and CDAT 

with full coverage of Gudbrandsdalen (i) study area is given in this section. 
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Figure I.1 Single S1 reference image (May 8th, 2018). Image processed in SNAP. Map created using ArcMap. Produced from 
ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 



 117 

 
Figure I.2 Stacked S1 before-flood images (7 products). Processed using SNAP. Map created using ArcMap. Produced from 
ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.3 Single S1 flood image (May 14th, 2018). Image processed using SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.4 Stacked S1 after-flood images (7 products). Processed using SNAP. Map created using ArcMap. Produced from 
ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.5 S1 false color composite using before-flood stack (R) and May 14th, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.6 S1 false color composite using May 8th, 2018 (R) and May 14th, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.7 S1 false color composite using after-flood stack (R) and May 14th, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 20.03.2019 
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Figure I.8 S2 RGB reference image (May 8th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 05.04.2019 
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Figure I.9 S2 RGB flood image (May 14th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 05.04.2019 
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Figure I.10 Reference NDWI (May 8th, 2018) overlaid S2 RGB reference (May 8th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 05.04.2019 
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Figure I.11 Flood NDWI (May 14th, 2018) overlaid S2 RGB flood image (May 14th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 05.04.2019 
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Figure I.12 HAND index calculated from TanDEM-X 90m DEM. HAND index was calculated using Topography Tools and 
map created using ArcMap. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 05.04.2019 
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Figure I.13 Reference water-mask (May 8th, 2018) created using the CDAT method. Calculated in SNAP. Map created using 
ArcMap. S1 reference (May 8th, 2018) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Figure I.14 Flood water-mask (May 14th, 2018) created using the CDAT method. Calculated in SNAP. Map created using 
ArcMap. S1 flood (May 14th, 2018) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Figure I.15 Water-mask overlay image. Reference water-mask (May 8th, 2018) displayed using a 50 % transparent blue. 
Flood water-mask (May 14th, 2018) represented by red. Created using the CDAT method. Purple displays areas of reference 
and flood layer overlay. Calculated in SNAP. Map created using ArcMap. S1 reference (May 8th, 2018) image as base map. 
Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Appendix II 
Appendix II includes Figures II.1-II.17. Maps created using ArcMap displaying processed S1 

single products, S1 color composites, S2 color composites, NDWI, HAND index and CDAT 

with full coverage of Birkeland (j) study area is given in this section. 
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Figure II.1 Single S1 reference image (Sept. 27th, 2017). Image processed in SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.2 Stacked S1 before-flood images (10 products). Processed using SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.3 Single S1 flood image (Oct. 3rd, 2017). Image processed in SNAP. Map created using ArcMap. Produced from 
ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.4 Stacked S1 after-flood images (8 products). Processed using SNAP. Map created using ArcMap. Produced from 
ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 



 136 

 
Figure II.5 S1 false color composite using before-stack (R) and Oct. 3rd, 2017 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.6 S1 false color composite using Sept. 27th, 2017 (R) and Oct. 3rd, 2017 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.7 S1 false color composite using after-stack (R) and Oct. 3rd, 2017 (G and B). Processed using SNAP. Map created 
using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.8 S2 RGB flood image (Oct. 3rd, 2017) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.9 S2 RGB flood image (Oct. 5th, 2017) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.10 S2 RGB reference image (Nov. 19th, 2017) created using spectral band 4 (R). band 3 (G) and band 2 (B). 
Processed using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.11 Flood NDWI (Oct. 5th, 2017) overlaid S2 RGB flood (Oct. 5th, 2017). Calculations performed and map created 
using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.12 Reference NDWI (Nov. 19th, 2017) overlaid S2 RGB reference (Nov. 19th, 2017). Calculations performed and 
map created using ArcMap. Produced from ESA remote sensing data. 

 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.13 Reference NDWI (Nov. 19th, 2017) laid over flood NDWI (Oct. 5th, 2017) using 50 % transparency. Purple color 
represents areas of layer overlay. Basemap: S2 flood image (Oct. 5th, 2017). Calculations performed and map created using 
ArcMap. Produced from ESA remote sensing data. 

 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 07.04.2019 
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Figure II.14 HAND index calculated from TanDEM-X 90m DEM. HAND index was calculated using Topography Tools and 
map created using ArcMap. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Figure II.15 Reference water-mask (Sept. 27th, 2017) created using the CDAT method. Calculated in SNAP. Map created 
using ArcMap. S1 reference (Sept. 27th, 2017) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Figure II.16 Flood water-mask (Oct. 3rd, 2017) created using the CDAT method. Calculated in SNAP. Map created using 
ArcMap. S1 flood (Oct. 3rd, 2017) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Figure II.17 Reference water-mask (Sept. 27th, 2017) displayed using a 50 % transparent blue. Flood water-mask (Oct. 3rd, 
2017) represented by red. Created using the CDAT method. Purple displays areas of reference and flood layer overlay. 
Calculated in SNAP. Map created using ArcMap. S1 flood (Oct. 3rd, 2017) image as basemap. Produced from ESA remote 
sensing data. 

Projection: UTM zone 32N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 10.04.2019 
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Appendix III 
Appendix III includes Figures III.1-III.34. Maps created using ArcMap displaying processed 

S1 single products, S1 color composites, S2 color composites, NDWI, HAND index and 

CDAT with full coverage of Kerala study area (k) is given in this section. 
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Figure III.1 Single S1 reference image (Jan. 17th, 2018). Image processed in SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.2 Single S1 reference image (May 29th, 2018). Image processed in SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.3 Single S1 reference image (Aug. 21st, 2018). Image processed in SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.4 Single S1 reference image (Sept. 26th, 2018). Image processed in SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.5 Stacked S1 before-flood images (5 products/kA stack). Processed using SNAP. Map created using ArcMap. 
Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.6 Stacked S1 before-flood images (4 products/kB stack). Processed using SNAP. Map created using ArcMap. 
Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.7 Stacked S1 flood images (6 products/kC stack). Processed using SNAP. Map created using ArcMap. Produced 
from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.8 Stacked S1 after-flood images (5 products/kD stack). Processed using SNAP. Map created using ArcMap. 
Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.9 S1 false color composite using Jan. 17th, 2018 (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.10 S1 false color composite using May 29th, 2018 (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.11 S1 false color composite using Sept. 26th, 2018 (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.12 S1 false color composite using kA stack (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.13 S1 false color composite using kB stack (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.14 S1 false color composite using kD (R) and Aug. 21st, 2018 (G and B). Processed using SNAP. Map created 
using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.15 S1 false color composite using Jan. 17th, 2018 (R) and kC stack (G and B). Processed using SNAP. Map created 
using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.16 S1 false color composite using May 29th, 2018 (R) and kC stack (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.17 S1 false color composite using Sept. 26th, 2018 (R) and kC stack (G and B). Processed using SNAP. Map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.18 S1 false color composite using kA stack (R) and kC (G and B). Processed using SNAP. Map created using 
ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.19 S1 false color composite using kB stack (R) and kC (G and B). Processed using SNAP. Map created using 
ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.20 S1 false color composite using kD stack (R) and kC (G and B). Processed using SNAP. Map created using 
ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.21 RGB reference image (Jan. 22nd, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). 
Processed using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.22 RGB flood image (Aug. 10th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.23 RGB flood image (Aug. 20th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.24 RGB flood image (Aug. 25th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 



 174 

 
Figure III.25 RGB flood image (Aug. 30th, 2018) created using spectral band 4 (R). band 3 (G) and band 2 (B). Processed 
using SNAP. Map created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.26 Reference NDWI (Jan. 1st, 2018) overlaid S2 RGB reference (Jan. 1st, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.27 Flood NDWI (Aug. 10th, 2018) overlaid S2 RGB flood (Aug. 10th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.28 Flood NDWI (Aug. 20th, 2018) overlaid S2 RGB flood (Aug. 20th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.29 Flood NDWI (Aug. 25th, 2018) overlaid S2 RGB flood (Aug. 25th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.30 Flood NDWI (Aug. 30th, 2018) overlaid S2 RGB flood (Aug. 30th, 2018). Calculations performed and map 
created using ArcMap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.31 HAND index calculated from TanDEM-X 90m DEM. HAND index was calculated using Topography Tools and 
map created using ArcMap. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 02.04.2019 
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Figure III.32 Reference water-mask (Jan. 17th, 2018) created using the CDAT method. Calculated in SNAP. Map created 
using ArcMap. S1 flood (Jan. 17th, 2018) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 11.04.2019 
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Figure III.33 Flood water-mask (Aug. 21st, 2018) created using the CDAT method. Calculated in SNAP. Map created using 
ArcMap. S1 reference (Jan. 17th, 2018) image as basemap. Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 11.04.2019 
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Figure III.34 Water-mask overlay image. Reference water-mask (Jan 17th, 2018) displayed using a 50 % transparent blue. 
Flood water-mask (Aug. 21st, 2018) represented by red. Created using the CDAT method. Purple displays areas of reference 
and flood layer overlay. Calculated in SNAP. Map created using ArcMap. S1 reference (Jan. 17th, 2018) image as base map. 
Produced from ESA remote sensing data. 

Projection: UTM zone 43N 
Datum: WGS 84 

Author: Ine-Elene T. Nilsen 
Date: 11.04.2019 


