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1 Introduction
Remote sensing (RS) based flood detection is typically done with optical or Synthetic Aperture
Radar (SAR) sensors. The advantage of SAR against optical RS is mainly the independency from
sunlight and cloud conditions, as well as the ability to penetrate tree canopy to some extent.
Therefore, especially in the past decade the use of SAR in flood mapping has become more
common thanks to the substantial increase in the spatial resolution and the availability of
observational data.
In operational algorithms, separation of floods from non-flooded areas with SAR is usually
carried out using threshold methods (Brivio et al., 2002; Matgen et al., 2007; Martinis et al.,
2009). In open (non-forested) areas floods create a considerably lower backscatter compared
to dry areas due to the specular reflection of the radar beam on the water surface. In forested
areas the scattering scheme is more complex, but typically the backscatter is higher due to
corner reflection between water surface and tree trunks (MacDonald et al., 1980; Engheta &
Elachi, 1982; Richards et al., 1987; Townsend, 2001; 2002). The backscattering signal from
flooded or partially flooded forests is influenced also by other factors such as the incidence
angle, wavelength, polarization, forest properties (density, height, and tree type), season
(leaf-on, leaf-off) as well as soil moisture (French et al., 1996; Pulliainen et al., 1999; BourgeauChavez et al., 2001; Townsend, 2001; 2002; Lang et al., 2008; Martinis & Rieke, 2015).
L- and C-band SAR have been successfully used in forest flood mapping (Engheta & Elachi,
1982; Ormsby et al., 1985; Richards et al., 1987; Ramsey, 1995; Townsend, 2001; Hess &
Melack, 2003; Martinez & le Toan, 2007; Lang et al., 2008). Generally, shorter wavelengths
are more disturbed by the canopy layer, reducing the capability of differentiating flooded from
non-flooded forests. However, previous studies have shown that also X-band SAR can be used
to detect floods beneath forest canopy (Pulvirenti et al., 2013; Voormansik et al., 2014;
Martinis & Rieke, 2015; Cohen et al., 2016). In contrary to forest flood detection, floods in
open areas are better separated from dry land with higher frequency X- and C-band SAR,
because with L-band, some flat terrain open areas can have similar backscattering to open
water areas, and can therefore be falsely interpreted as floods (Drake & Shuchman, 1974;
Martinis & Twele, 2010; Voormansik et al., 2014).
The use of X-band SAR for flood detection is an appealing option due to the inherent high
spatial resolution of the sensors, as well as recent availability of operational sensors operating
at this frequency range, e.g. the Cosmo Sky-Med four-satellite constellation (Covello et al.,
2010). An overview about the use of Cosmo Sky-Med satellite constellation in flood mapping
has been presented by Pierdicca et al. (2013). The major advantages of the X-band Cosmo-Sky
Med constellation considering near real-time flood mapping is the high revisit time due to four
available satellites, together with an option of high spatial resolution.
Fully polarimetric SAR can reveal aspects of flooding over vegetated areas, which are
undetected by the more straightforward analysis of changes in backscattering intensity.
Different decomposition techniques enable to separate e.g. double bounce effects from other
scattering mechanisms such as surface and volume scattering (Wang & Davis, 1997; Brisco et
al., 2013; Schmitt & Brisco, 2013). However, fully polarimetric SAR imagery is currently not
available on the scale required by e.g. operational flood monitoring. The cross-polarized
backscattering signature over forests arises mostly from tree canopies, and is thus less suitable
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than co-polarized SAR for forest flood detection (Evans et al., 1986; Wu & Sader, 1987; Kuga
et al., 1990). Also, HH-polarization has proven to be more efficient in detecting inundation
under forest canopy than VV-polarization (Wang et al., 1995; Bourgeau-Chavez et al., 2001;
Townsend, 2002; Henry et al., 2006). VV-pol could in some circumstances be utilized, but it is
more dependent on forest structure within the trunk and canopy layers (Townsend, 2002).
Previous studies have shown that small (steep) incidence angles are preferable than shallow
angles in forest flood detection (Richards et al., 1987; Wang et al., 1995; Bourgeau-Chavez et
al., 2001; Töyrä et al., 2001; Lang et al., 2008). This can be explained by the higher canopy
transmissivity at small incidence angles, which allows more radiation to penetrate the canopy.
Increased soil moisture generally increases the backscattering from the ground surface due to
the increased dielectric constant of the wet soil, which decreases the contrast between
flooded and non-flooded forests (Wang et al., 1994; 1995; Pulliainen et al., 1995; 2004;
Kasischke & Bourgeau-Chavez, 1997; Kasischke et al., 2003; 2009; 2011).
Near real-time flood mapping in non-forested areas using analysis of co-polarized SAR imagery
has been successfully conducted in Finland since 2012. Autumn and spring river floods in
South-West Finland (Pohjanmaa region) were mapped using Cosmo Sky-Med X-band HHpolarized observations. Flood maps were derived in less than 6 hours after the SAR image
acquisition, as the only manual part in the process was the choice of the backscattering
threshold value between water and dry land. In Figure 1 two examples of generated flood
maps are shown from spring 2012.

Figure 1: Near real-time mapping of spring floods in Pohjanmaa region, Finland, performed in 2013. Flooded
areas are colored with blue on top of a background map (Basic map raster © National Land Survey of Finland
5/2015), near the town of Jalasjärvi (left) and Seinäjoki (right). UTM coordinates and distance from origo in
meters are marked.

In order to develop as fast and accurate flood detection methods also for forest areas, a deep
analysis regarding the behavior of SAR in different forest conditions during a flood event was
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performed by Cohen et al. 2016. They analyzed X-band SAR signatures against LiDAR based
forest data, and found that the capability of SAR to separate floods from dry areas is
dependent on the tree height (TH) and canopy closure (CC) [Figure 2]. Floods under sparse
canopy or in forests with low average tree height did not cause backscatter low enough to be
classified as open floods, but also not backscatter high enough to be classified as forest floods.
Regarding low CC areas, high backscatter from near the trees (double bouncing) and low
backscatter from between the trees (specular reflection) counterbalanced each other, and the
total backscatter from a sample area became similar to the backscatter of dry land or forest.
In low height forests, tree trunks were too short and narrow to create sufficient amount of
double bouncing with the flood surface (Hess et al., 1990).

Figure 2: The percentage of non-detected flood areas as a function of CC and TH in Kittilä and Pudasjärvi.

In this study, based on the results of Cohen et al. 2016, a semi semi-automatic process for
flood detection in both open and forested areas was created. The method was tested and
validated in two different flood events in Northern Finland in 2014 and 2015. In this report,
the developed flood detection algorithm (FDA) for the detection of open and forest floods
from X-band SAR data is described, explanations about the test sites and the used datasets
are given, the flood mapping results together with the validation results are presented, and
conclusions are written.

2 Study Areas and Data
2.1 Study Areas
In order to test and validate the FDA, two study areas corresponding to two different flood
events from Finland were chosen: Kittilä and Pudasjärvi [Figure 3]. Kittilä is located in the the
northern boreal vegetation zone, whereas Pudasjärvi is located in the middle-northern boreal
5

vegetation zone. The flood events were typical boreal spring floods, caused by rapid snow
melt before spring thawing of the underlying soil (Krasovskaia & Gottschalk, 2002).

Figure 3: Study areas.

Tree species observed in the study areas were mainly Norway spruce (Picea abies) and Downy
birch (Betula pubescens), with occasional sightings of species such as Silver birch (Betula
pendula), Scots pine (Pinus sylvestris) and Alnus incana. Willows (Salix spp.) were a typical
sight closer to the open water. In dry areas Scots pine (Pinus sylvestris) was the most common
species. The typical vegetation structure along the boreal riparian zone changes with the
distance to the water. When moving from the forest towards the open water, where the
vegetation is more affected by seasonal flooding, the vegetation gradually changes from tall
trees to shrubs, then to graminoids, and finally to amphibious vegetation (Nilsson et al., 2013).

2.2 SAR and Forest Data
RS data used in this study included two Cosmo Sky-Med Stripmap acquisitions at HHpolarization which were taken during flood events, one over each study area. See Table 1 for
more details about the SAR data. Airborne Laser Scanning (ALS) data collected by the National
Land Survey (NLS) of Finland was used to create CC and TH maps in 10 m spatial resolution.
The point density of this data is at least 0.5 points/m2, which leads to approximately 1.4 m
distance between points. The mean vertical and horizontal errors of the LiDAR points are up
to 15 cm and 60 cm respectively. Flight altitude was 2000 m and the footprint on the ground
was 50 cm. The scanning in Kittilä region was performed in 2011-2013 and in Pudasjärvi in
2010-2013. In each case, the laser scanning was performed during spring, when deciduous
6

trees were still leafless. Laser scanning during the spring leaf-off period may result in an
underestimation of the tree height and canopy closure in deciduous forests, since trees have
less return surfaces to laser pulses than during summer leaf-on period, allowing the laser
pulses to penetrate deeper into the canopy (Hill & Broughton 2009). However, in the test
areas of this study the vast majority of the forests are coniferous dominated. Moreover, the
retrieved LiDAR based CC and TH maps were compared with corresponding Multi-Source
National Forest Inventory (MS-NFI) data (Tomppo et al., 2008), which have a spatial resolution
of 20 m. The bias and RMSE between the LiDAR and the MS-NFI CC data were on average
between 1 – 9 percentage points and 14 – 17 percentage points respectively. For TH, bias and
RMSE were 0.2 – 1.1 m and 3.3 – 3.4 m respectively. The LiDAR based and MS-NFI datasets
were therefore quite similar in all study areas [Figure 4]. Pulliainen et al. (2014), Cohen et al.
(2015) as well as the reports “Generation of Forest parameters from LiDAR data” (2013) and
“Generation of Forest parameters from LiDAR data – Part 2” handed to Aalto University (2013)
give more explanations about how the forest CC and TH were generated from the point clouds.
A LiDAR based Digital Elevation Model (DEM) with a spatial resolution of 2 m and height
accuracy of 0.3 m was acquired from NLS. This high resolution DEM was used in the SAR terrain
correction and in the selection of flood and non-flood reference areas. MS-NFI data (Tomppo
et al., 2008) was used to extract information regarding the stem volume (SV) of different tree
species in the study ares.
Table 1: Information about the Cosmo Sky-Med acquisitions which were used in this study

Kittilä
Incidence angle 30.7°-33.7°
Polarization
HH
Date
23.5.2014
Time (local)
06:25
Node
Ascending
Pixel size
3-5 m
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Pudasjärvi
53.2°-54.7°
HH
17.5.2015
06:54
Ascending
3-5 m

Figure 4: Comparison of LiDAR based CC and TH maps with corresponding MS-NFI data. The RMSE and bias
are calculated from the 1:1 line.

2.3 Reference Flooded and Non-Flooded Areas
In order to estimate the correctness of the threshold based FDA, reference flood and nonflood (dry) areas were manually derived from each study area. Flood and non-flood polygons
were carefully digitized in SAGA GIS based on the SAR backscatter images, the LiDAR based
forest maps, the high resolution DEM and river water level in-situ measurement. In open
treeless areas and in most forests, the flooded and non-flooded regions were well separated
based only on the SAR image. In low canopy closure areas and low height forests (forest class
2), the high resolution DEM and the in-situ data were used to determine whether the areas
were flooded or not. These flooded and non-flooded reference areas reflect the true situation
on the ground, and they should not be mixed with the extraction of the training area polygons
for determining the threshold values described in chapter [3.1].
In Table 2 and Figure 5, properties of the validation reference flooded and non-flooded areas
are presented. In Table 2 information regarding the total size, tree species, CC and TH in the
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reference flooded and non-flooded test areas, respectively, is given. In Figure 5, the variability
of the canopy closure CC and the average tree height TH inside the reference areas are shown.
The forest properties are typical to northern or middle-northern boreal forest, where CC and
TH are generally smaller than in the southern boreal forest zone.
Some differences appear in the forest properties between the study areas. In Kittilä most of
the flooded areas were located in a riparian zone, where birch and other deciduous trees are
more common compared to the surrounding forests [Table 2]. Trees were thus typically higher
in the dry areas than in the flooded areas, and the the CC of flooded forests was higher than
CC in the dry forests. In Pudasjärvi, only some of the flooded areas were situated in a riparian
zone. Due to exceptionally high water level, water from the Iijoki watershed was transferred
to Kiiminkijoki watershed (river bifurcation), covering large non-riparian forest areas in
between the watersheds. The properties of the flooded forests in Pudasjärvi were thus similar
to the properties of the surrounding non-flooded forests, with respect to tree species, CC and
TH [Table 2].
Table 2: Flooded and non-flooded reference areas. Total size in hectares [ha], mean SV [m 3/ha] of the main
tree types (according to MS-NFI data), and mean CC [%] and TH [m] according to the LiDAR forest data.
SV, other
Class
Study area Size
SV, Pine SV, Bruce SV, Birch
Mean CC Mean TH
deciduous
Flooded
Nonflooded

Kittilä

1084.3

14.65

6.84

18.33

0.24

37.63

6.38

Pudasjärvi

2054.0

31.23

4.77

10.32

0.32

31.31

6.22

Kittilä

1545.4

26.60

6.58

6.76

0.13

26.93

8.49

Pudasjärvi

1339.7

36.64

5.07

5.09

0.21

26.72

6.15

Figure 5: Histograms of CC and TH in flooded- and dry reference areas. The histograms show the number of
observations (10 m pixels) in each CC or TH interval.
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3 Flood Detection Algorithm
In this chapter, the algorithm used for flood detection (FDA) is introduced. The FDA can be
roughly divided into three parts: 1) detection of flood extent by analyzing the SAR
backscattering (sigma0) image, 2) estimation of flood depth by assimilating a high resolution
DEM with the SAR image, and 3) correction of the flood extent by using the retrieved flood
depth. A diagram showing the structure of the FDA is presented in Figure 6. After introducing
the FDA, methods for evaluating the flood detection accuracy by using the high resolution
DEM and LiDAR forest maps are explained. The whole algorithm has been written in Matlab,
which guides the user through the processing steps, and runs other software such as Next ESA
SAR Toolbox (NEST) and SAGA GIS.
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Figure 6: A diagram showing the structure of the FDA and the output products.

3.1 Detection of flood area extent from SAR image
The preprocessing of the SAR images in NEST (Next ESA SAR Toolbox) software includes
calibration, terrain correction and speckle filtering using Gamma-MAP filter with a window
size of 5x5 pixels, resulting in a backscatter coefficient (σ0) image for the HH-polarized
acquisitions. Flooded areas were first separated from dry land by setting two σ0 threshold
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values: A lower threshold value (𝑡ℎ𝑟1) to separate open floods from non-flooded areas, and a
higher threshold value (𝑡ℎ𝑟2) to separate forest floods from non-flooded areas. In order to
define the optimal threshold values, three types of training areas representing 1) open floods,
2) forest floods, and 3) non-flooded areas were digitized using the SAR backscatter images
(see Figure 10). The optimal lower threshold value (𝑡ℎ𝑟1) was then calculated by the algorithm
based on the observations of the open flood (𝑂𝐹) training area and the non-flooded (𝑁𝐹)
training area, by finding the minimum of the error function:
𝑚𝑖𝑛 [

𝑊𝑂𝐹𝑠𝑖𝑔0>𝑡ℎ𝑟1
𝑁𝐹
⁄𝑂𝐹 + 𝑠𝑖𝑔0<𝑡ℎ𝑟1⁄𝑁𝐹 ]
𝑎𝑙𝑙
𝑎𝑙𝑙

(1)

, where 𝑊 is a weight factor controlling the relation between falsely classified floods and nofloods. If 𝑊 would be 1, the same percentage of flooded areas would be misclassified as noflood, than no-flood areas classified as floods. As 𝑊 increases, the percentage of floods
classified as no flood would be 𝑊 times lower than the percentage of no-flood classified as
floods. 𝑂𝐹𝑠𝑖𝑔0>𝑡ℎ𝑟1 is the number of open flood observations where σ0 is higher than 𝑡ℎ𝑟1,
𝑂𝐹𝑎𝑙𝑙 is the total number of open flood observations, 𝑁𝐹𝑠𝑖𝑔0<𝑡ℎ𝑟1 is the number of nonflooded observations where σ0 is lower than 𝑡ℎ𝑟1 and 𝑁𝐹𝑎𝑙𝑙 is the total number of nonflooded observations. The optimal higher threshold value (𝑡ℎ𝑟2) was calculated as in eq. 1,
but based on the observations of the forest flood (𝐹𝐹) training area and the non-flooded (𝑁𝐹)
training area:
𝑚𝑖𝑛 [

𝑊𝐹𝐹𝑠𝑖𝑔0<𝑡ℎ𝑟2
𝑁𝐹
⁄𝐹𝐹 + 𝑠𝑖𝑔0>𝑡ℎ𝑟2⁄𝑁𝐹 ]
𝑎𝑙𝑙
𝑎𝑙𝑙

(2)

where 𝐹𝐹𝑠𝑖𝑔0<𝑡ℎ𝑟2 is the number of forest flood observations where σ0 is lower than 𝑡ℎ𝑟2,
𝐹𝐹𝑎𝑙𝑙 is the total number of forest flood observations and 𝑁𝐹𝑠𝑖𝑔0>𝑡ℎ𝑟2 is the number of nonflooded observations where σ0 is higher than 𝑡ℎ𝑟2. The weight factor (𝑊) was set to 2 in order
to detect more flooded areas, even if it would be at the expense of getting more dry areas
classified as floods. This was preferred because in the following steps of the FDA, small flood
polygons are removed, and therefore there is a higher chance that commission errors (no
flood classified as flood) would be corrected than omission errors (flood classified as no flood.
Based on the LiDAR forest data, the study areas were classified to three forest classes; if CC
and TH were zero, the forest class was 1; if CC was between 1 and 15 % or TH between 1 and
4 m, the forest class was 2; in all other areas the forest class was 3. After defining the σ0
threshold values and the forest classes, all pixels in the SAR image with a σ0 value below the
lower threshold value (water bodies and floods in open areas) and above the upper threshold
value (floods in forest areas) were reclassified to water/flood (pixel value 1) and the rest to
dry areas (pixel value -1). Areas identified by the SAR analysis as dry, where the forest class
was 2, were given the value 0, because in those areas SAR flood detection was uncertain. A
mean filter with a radius of 7 pixels was then applied on the retrieved raster image, followed
by a classification of values over zero to flood and values equal or under zero to dry. It was
noticed that smooth surfaces such as airport runways or roads were often falsely interpreted
as water due to specular reflection causing low σ0, and some built-up areas were falsely
classified as forest floods due to strong corner reflection from buildings. Therefore, if more
than 30 % of a flood area was over roads, airports or other urban areas (classes 1-7) extracted
from the national Corine Land Cover 2012 (CLC2012, 20 m spatial resolution) map, they were
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not accepted, and a forest flood pixel was accepted only if the pixel was forested according to
the LiDAR data. Also small flood areas where the surface area was less than 0.5 hectares were
removed. Finally, natural water bodies such as rivers, lakes and sea were masked from the
water/flood map using CLC2012.

3.2 Estimation of Flood Depth
In order to estimate the flood depth, the outer borders of each SAR detected flood area
(including natural water bodies such as rivers and lakes) were first located. This was done first
by filling small flood gaps which were completely surrounded by floods (no-flood islands inside
a flood area), and then applying a Laplace (1st derivative) filter on this flood extent grid. The
ground elevation of the flood outer borders was then extracted by masking the high resolution
DEM with the flood border grid. The “flood outer border elevation” grid was smoothened by
a rank filter with a window size of 10 pixels, by picking the 60th percentile value. The elevation
of the flood water level for each flooded pixel was then estimated by finding the elevation of
the nearest flood border pixel, ignoring flood borders where the forest class was 2 or the
ground slope (calculated from the DEM) was more than 10 %. The flood depth of each pixel
was then calculated by subtracting the DEM from the flood water level grid. If according to
the estimated flood depth a pixel should have been flooded (depth > 0), but according to the
SAR analysis it was not flooded, this pixel was classified in the flood depth map as flooded if it
was located in one of the no-flood islands, or if it was adjacent to SAR detected flood areas
and it had a forest class 2.

3.3 Topographic Correction to Flood Extent
A topographic correction was applied on the SAR detected flood extent, by using the derived
flood depth. As seen in Figure 7, there were many no-flood gaps inside the detected flood
areas. Some of these gaps were flooded but have not been detected by the SAR due to
backscattering similar to dry ground, and some of the gaps were correctly classified as dry.
Therefore, to improve the estimation of flood extent, areas classified as dry by the SAR
interpretation, were changed to flooded, if flood depth was more than zero.
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Figure 7: Flooded areas detected from the SAR image in blue, on top of the SAR backscatter image. Black
areas are lakes. Some examples of flood area outer borders and no-flood islands surrounded by floods are
shown in the image.

4 Results and Discussion
In this chapter, the results of this study are presented in the following order: 1) Satellite
signatures from the reference flood and dry areas are analyzed against the forest properties;
2) the retrieved threshold values based on the training areas are addressed; 3) the resulted
flood maps are presented and 4) the accuracy of the FDA is assessed by comparing satellite
detected flood areas to the reference information on flooding and to the ground observations.

4.1 RS Observations from the Reference Flooded and Non-flooded
Areas
In the contour line plots [Figure 8] the observation density in the reference flooded and nonflooded areas is shown as a function of 2 parameters, σ0 and CC, or σ0 and TH. These
histograms show how CC and TH affect the HH-polarized backscattering signal in flooded
regions. As expected, observations from flooded areas are mostly concentrated either on the
lower left side or in the right side of the plots. Flood observations located on the lower left
represent floods in open areas and observations in the right side of the plots represent forest
floods, where CC is mostly higher than 20 % and TH higher than 4 m.
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Figure 8: Contour line plots of observation density in the reference flooded and non-flooded areas with
respect to CC and σ0, and TH and σ0.

The dominant backscattering components from the non-flooded areas are direct surface
scattering from the ground and volume scattering from the forest canopy, which have a similar
backscattering intensity. The backscattering from the open (treeless) flooded areas is mainly
consisted of direct surface scattering from the water surface, which is very low due to specular
reflection. The dominant backscattering components from the forest floods are double
bounce scattering and canopy volume scattering. The main backscattering components are
depicted in Figure 9.
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Figure 9: The main backscattering components which form the total backscattering of the flooded and nonflooded terrain: Canopy volume scattering, double bounce scattering between flood surface and tree trunks,
and direct surface scattering from the flood surface

4.2 Retrieval of threshold values
Figure 10 shows the chosen training areas from open floods, forest floods and non-flooded
areas on top of the SAR backscattering intensity image from Kittilä, as well as the σ0 histograms
of the training areas from Kittilä and Pudasjärvi. Based on the training area observations, the
calculated lower threshold value separating open floods and dry land [eq. 1], and the higher
threshold value separating forest floods and dry forests [eq. 2] were in Kittilä -11.8 and -7.1
and in Pudasjärvi -15.4 and -9.2 respectively. In linear units the corresponding values would
be for Kittilä 0.066 and 0.195 and for Pudasjärvi 0.029 and 0.120 respectively. The histogram
values in Figure 10 were divided by the total number of observations in each training area, so
that the total number of observations in the open floods, forest floods and no-floods
histograms would be equal.
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Figure 10: Open flood, forest flood and non-flooded training areas on top of the SAR intensity image from
Kittilä on the left side. On the right side, σ0 histograms of the training areas from Kittilä, Kolari, Evo and
Pudasjärvi. The calculated lower and higher threshold values Kittilä were -11.8 and -7.1, for Kolari -11.2 and 6.3, for Evo -13.5 and -8.4 and for Pudasjärvi -15.4 and -9.2 respectively.

Townsend (2001) found that the threshold value for differentiating flooded forests decreases
with larger incidence angles in C-band SAR. The same trend can be observed here with X-band
SAR data. In Pudasjärvi, the threshold values were lower, and incidence angle was the larger,
while in Kittilä the threshold values were the higher and incidence angle smaller [Table 1]. A
smaller incidence angle is generally preferable in forest flood detection because then the
canopy contribution to the total backscatter decreases resulting more contrast between dry
and flooded forests (Wang et al., 1995; Töyrä et al., 2001). The size, shape and angle of leaves
and needles can also change the optimal incidence angle, especially for higher frequency SAR
such as C- and X-band (Lang et al., 2008).

4.3 Flood detection
In Figure 11, a visualization of the results from near Jongunjärvi, Pudasjärvi are presented. In
the upper image dark SAR backscattering values represent open treeless areas where the
ground is covered by water. These areas are typically either natural sea or lakes, or flooded
areas. The bright areas are inundated vegetated or forested areas, where the higher
backscattering is caused mainly due to corner reflection between the tree trunks and the
water surface. The bottom image shows the derived flood depth for the same area. When
combining SAR backscattering (upper image) and flood depth (bottom image) information, it
17

is noticed that some areas were clearly flooded but did not have low backscattering indicating
open floods or high backscattering indicating forest floods. These areas were most likely either
low tree areas where tree trunks were not wide enough to produce higher backscattering or
sparse forests where high backscattering near the trees and low backscattering in open areas
produced a total backscattering similar to non-flooded areas. In the middle image, blue
indicates areas which were flooded according to both SAR backscattering and flood depth,
while green and magenta indicates areas which were flooded according to the derived flood
depth but were not detected as flooded by the SAR backscattering image. The large black
areas inside the flooded areas are natural lakes which are masked from the flood map.
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Figure 11: SAR backscatter image on the top, flood extent in the middle and flood depth on the bottom from
near Pudasjärvi.

In Figure 12 the SAR backscattering image is shown for Kittilä and Pudasjärvi. Dark color
indicates mainly water covered areas and bright color is mostly from areas where water covers
the ground under tree canopy. The dark area on the lower left corner of the Pudasjärvi image
19

was not mapped. The σ0 in Kittiä was gererally higher than in Pudasjärvi, because the incidence
angle was smaller. In the backscattering images, the borderline between flooded and nonflooded can be well seen in most areas. This information together with the used high
resolution DEM enabled a reliable extraction of the flooded and non-flooded reference areas,
as explained in chapter Error! Reference source not found.. Figure 13 shows the flood extent
derived after the topographic correction, and Figure 14 the estimated flood depth maps from
the whole mapped area in Kittilä and Pudasjärvi.

Figure 12: SAR backscattering images from Kittilä (left) and Pudasjärvi (right)
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Figure 13: Detected flood extent after topographic correction marked with blue, on top of SAR
backscattering images, from Kittilä (left) and Pudasjärvi (right)

Figure 14: Estimation of flood depth, on top of SAR backscattering images, from Kittilä (left) and Pudasjärvi
(right)
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4.4 Accuracy of the SAR Based Flood Detection
In Kittilä, 93.8 % of the reference flooded areas were detected by the FDA before the
topographic correction, while 5.06 % of the reference non-flooded areas were falsely classified
as floods. After the topographic correction, 98.6 % of the reference flooded areas were
detected, while 5.49 % of the reference non-flooded areas were falsely classified as floods. In
Pudasjärvi, the corresponding results were 93.9 % and 0.09 % before, and 99.8 % and 0.10 %
after the topographic correction, respectively.
Figure 15 presents the percentage of non-detected floods from the total flooded reference
areas as a function of CC and TH. When comparing it to Figure 2, it can be seen that the
topographic correction applied on the SAR detected flood areas significantly improved the
flood detection accuracy. Especially in flooded areas where the forest class was 2, the flood
detection accuracy improved substantially after assimilating the DEM based flood depth.

Figure 15: The percentage of non-detected flood areas as a function of CC and TH after the DEM correction,
in Kittilä and Pudasjärvi

Large forested slopes of Pallas fell facing the satellite were in some cases falsely classified as
floods, because of the local low incidence angle causing high backscatter. However, this kind
of topography is not common in flood prone areas. Should one like to correct this error, simple
masking of steep slopes would suffice.

5 Conclusions
Floods in open and forested areas in the boreal forest zone in Finland were mapped in two
different study areas using Cosmo Sky-Med X-band HH-polarized SAR data. A semi-automatic
threshold based flood detection algorithm (FDA) was developed for this purpose. In addition
to the SAR backscattering signatures, the FDA utilizes a high resolution DEM, forest data, and
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land cover information to increase the flood detection accuracy. The FDA takes into
consideration that SAR flood detection capability is lower in sparse or low tree forest, and uses
the DEM to compensate this weakness. Flood extent and flood depth maps are produced by
the FDA approximately in 6 hours after the SAR image acquisition.
The evaluation of the FDA against the reference flooded and non-flooded areas showed good
results. Before the topographic correction, 93.8 % and 93.9 % of the flooded areas in Kittilä
and Pudasjärvi, respectively, were detected by the FDA. After the topographic correction, 98.6
% of the flooded areas in Kittilä, and 99.8 % in Pudasjärvi were detected. The biggest
improvement in the flood detection accuracy occurred in low-tree and sparse forests.
This research was conducted during spring floods when deciduous trees were still leafless. It
is known that with SAR operating at higher frequencies, the effect of tree canopy on the total
backscatter increases, making it more difficult to differentiate flooded and non-flooded
forests (Wang et al., 1995; Voormansik et al., 2014). Hence, the influence of leaves and
needles with X-band should be high. Nevertheless, floods under tree canopy were successfully
detected in the coniferous dominated forests, as well as in the riparian zone mixed coniferous
and deciduous forests. Also floods in sparse and low tree forests were well detected thanks
to the use of ancillary data such as a high resolution DEM and LiDAR based forest data.
The chosen test areas represent typical riparian and non-riparian northern and middlenorthern boreal forest conditions. The FDA can therefore be applied also to other
corresponding areas with a high degree of confidence in future flood mapping situations. The
FDA should be further tested for floods in the southern boreal forest zone. Floods in deciduous
or mixed boreal forests during leaf-on conditions have not yet been investigated. However,
this is less of interest, because floods are very rare in Finland during the leaf-on season.
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