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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses nationwide. Headquartered at the University at Buffalo, State University
of New York, the Center was originally established by the National Science Foundation in
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of information between researchers located
in various institutions across the country. These are complemented by, and integrated
with, other MCEER activities in education, outreach, technology transfer, and industry
partnerships.

This report investigates the use of cloud-penetrating radar to assess the extent of flooding throughout
storm-ridden areas. Multi-resolution SAR data using fine-beam and standard-beam Radarsat-1
scenes was investigated through a case study of the New Orleans flood following Hurricane Katrina.
Few prior studies have addressed urban flood detection using SAR, because of complicating double
and triple bounce effects that commonly affect urban SAR response. In the case of New Orleans,
initial exploratory assessments of Radarsat imagery acquired at the time of flooding indicated that
the flooded urban area showed increased backscatter. This is Volume IV of a five part series of reports
that investigate the use of remote sensing techniques for resilient multi-hazard disaster response.

iv



PREFACE

This preface introduces a five-volume series, documenting scientific research conducted by
MCEER researchers at ImageCat, Inc., investigating remote sensing techniques for resilient
disaster response.

Volume [: INTRODUCTION TO DAMAGE ASSESSMENT METHODOLOGIES

Volume II: COUNTING THE NUMBER OF COLLAPSED BUILDINGS USING AN
OBJECT-ORIENTED ANALYSIS: CASE STUDY OF THE 2003 BAM EARTHQUAKE

Volume III: MULTI-SENSOR IMAGE FUSION TECHNIQUES FOR ROBUST
NEIGHBORHOOD-SCALE URBAN DAMAGE ASSESSMENT

Volume IV: A STUDY OF MULTI-TEMPORAL AND MULTI-RESOLUTION SAR
IMAGERY FOR POST-KATRINA FLOOD MONITORING IN NEW ORLEANS

Volume V: INTEGRATION OF REMOTE-SENSING IMAGERY AND VIEWS™ FIELD
DATA FOR POST-HURRICANE CHARLEY BUILDING DAMAGE ASSESSMENT

The report series embraces MCEER’s stated mission of pursuing the discovery and development
of new knowledge, tools and technologies that equip communities to become more disaster
resilient in the face of earthquakes and other extreme events. Accordingly, the research
documented here is multi-hazard in nature, spanning international earthquake, flood and
hurricane events. In all cases, the research is undertaken with the underlying goal of improving
resilience, in particular the rapidity and resourcefulness of disaster response activities. Further,
it is aimed at meeting stated user needs in the immediate aftermath of disasters, such as a rapid
estimate of the number of collapsed/damaged structures, and the delineation of flood inundation
zones.

These volumes represent a significant milestone in post-disaster damage assessment, constituting
the culmination of seven years’ research activities. During this time, we have witnessed the
‘Coming of Age’ of remote sensing technologies and analytical techniques within the disaster
response arena. Technology push in the form of new sources of high-resolution imagery and
increasingly advanced and analytical techniques has driven the development of new capabilities
attuned to meet the needs of responders. This has been coupled with heightened User pull from
sectors including the re/insurance industry, and with the onset of recent catastrophes such as
hurricane Katrina, opportunities for operational implementation.

Research collaborations established by ImageCat, Inc. with multi-hazard researchers from the
US, Italy and UK, underpin this report series. Through sharing and exchanging a wealth of
experience and expertise, the teams of scientists and engineers have advanced the knowledge
boundaries of remote sensing damage detection. Particular highlights include:



v' The ability to rapidly count the number of collapsed buildings, where a building is treated as
an ‘object’ within the digital image, rather than a group of pixels (Volume II in collaboration
with the University of Bologna)

v The fusion of pre- and post-disaster imagery captured by different high resolution sensors to
facilitate flexible damage mapping irrespective of which sensor passes first over the disaster
zone (Volume III)

v' The use of cloud-penetrating to assess flooding extent throughout storm-ridden areas
(Volume IV in collaboration with University College London)

v' HAZUS-compatible post-hurricane damage assessment based on remote sensing imagery,
when access to the disaster zone is precluded (Volume V in collaboration with Texas Tech
University).

In June 2006, MCEER launched its Remote Sensing Institute (RSI), which will serve as a
platform for developing and operationally implementing innovative multi-hazard techniques,
strategies and products for rapidly assessing post-disaster impacts, modeling and quantifying the
built environment, and monitoring recovery. The RSI will continue to embrace fundamental and
applied research activities to develop innovative new approaches to short- and long-term disaster
management. Commercial products and services developed by MCEER researchers and
available through RSI include: near real-time flood, surge, hurricane, earthquake and tsunami
damage assessment through remote sensing-based damage scales and advanced image analysis
techniques; and forensic GPS-registered damage assessment using the in-field VIEWS™ data
collection and visualization system.
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ABSTRACT

The performance of multi-resolution SAR data for detecting urban flooding was investigated
using fine-beam and standard-beam Radarsat-1 scenes. The flooding of New Orleans due to
Hurricane Katrina was used as a case study. Few prior studies have addressed urban flood
detection using SAR, because of complicating double and triple bounce effects commonly
affecting urban SAR response. In the case of New Orleans, initial exploratory assessments of
Radarsat imagery acquired at the time of flooding indicated that the flooded urban area showed

increased backscatter.

To isolate changes in backscatter from the flooded urban environment, image differencing, high
thresholding methods, and false color composites were explored. A comparison of high
backscatter and flooded areas was undertaken, to investigate whether the signal could be utilized
to map urban flooding. Two validation methods were implemented. A manual delineation of
high backscatter areas from both beam mode data was compared with SPOT and Landsat derived
flood boundary delineation using a buffering technique. The optimum results were gained from
fine beam mode, demonstrating that 58% of the radar derived boundaries fell within 150m of the
optically derived data, and 82% fell within 550m. A second analysis used an area-based
contingency matrix method to compare radar classified flood with the validation layers. The
most accurate result was obtained using fine beam mode imagery with large window size
filtering. Results show user accuracies of 56% for flooded and 84% for non-flooded regions, and
produced accuracies of 55% and 81% for flood and non-flood classes, respectively. It is a fair
assumption that this relationship did not occur by chance, as a calculated kappa coefficient was
recorded at 0.40. Empirically, the highest correlation between high backscatter signal and
flooded area appeared to occur from high-density residential areas. Areas of non-agreement
appear to be due to open areas in the urban environment, particular street orientation and

building patterns and temporal differences between acquisition and validation layer dates.
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SECTION 1
INTRODUCTION

1.1 Importance of Flood Detection

During the last decade, floods have affected more than 1.5 billion people, which equates to 75%
of all people affected by a disaster (ESA, 2006). It is predicted that flooding and the resultant
impacts on human populations are set to increase because of the continued desire of the public to
live in areas that tend to be flood prone, and climate instability as a consequence of climate
change. For situation assessment and emergency response, disaster management agencies,
policy makers and civil protection authorities (CPAs) also need to know what level of resources
will be needed in order to effectively respond to future floods. Flood data can be useful for
many post-disaster management activities, including the collection of loss data that will help to
assess the magnitude of future risks; this information is particularly useful in establishing the
basis for reasonable flood insurance premiums for the public. Ultimately, flood data are essential
elements of post-disaster assessment studies that update risk assessments and flood extent

predictions.

Efficient flood monitoring and associated damage assessment studies for urban environments are
therefore both important and timely. Satellite-based monitoring offers an attractive solution due
to its relatively cost-effective nature and widespread coverage for analysis. This is in
comparison to stand-alone, spatially restrictive ground sampling, semi-qualitative methods such
as resident consultation, examination of administrative documents and claims forms, and costly
aerial surveys of flooded areas. Flooding, in particular, can be a very short-lived event, and so it
is essential to retrieve a useful satellite-derived product quickly. An important consideration in
streamlining the flood assessment process is optimizing the imagery specifications, in terms of

parameters such as resolution and swath width.

Urban flooding occurs in a relatively short time span, and so it is essential to retrieve a useful
satellite-derived product quickly. To this end, an important consideration in streamlining the
flood assessment process is optimizing the imagery specifications. In terms of sensor

characteristics, synthetic aperture radar (SAR) imagery offers advantages over optical remote



sensing data. A number of flood detection methodologies have used optical satellite imagery to
assess flooding extent and damage (e.g. Bryant and Rainey, 2002; Brakenridge and Anderson,
2005). However, a major limitation to this technique is cloud cover, of particular prevalence in
storm-ridden areas. In comparison, using the microwave region of the spectrum bypasses this
limitation because of its longer wavelength. As radar is an active system (i.e., it creates its own
radar pulse), it negates the need for sunlight, so it can be used at night or during a storm, offering
more rapid and reliable damage assessments. However, SAR imagery parameters such as spatial
resolution and swath width are also an important consideration that may affect the accuracy
achieved. Few prior studies have addressed urban flood detection using SAR, and it remains for

a comparative analysis of different spatial resolutions to be performed.

1.2 Previous Literature on Radar Use for Flood Detection
1.2.1 Overview

Outside the built environment, radar has proved an extremely useful tool for the purpose of flood
detection (e.g. Brivio et al., 2002; Tholey et al., 1997; and Takeuchi et al., 1999). Because it is
an active system, it also negates the need for sunlight, so it can be used at night, offering more
rapid damage assessment. It has been shown that SAR can potentially be more accurate than
certain optical systems, such as Landsat, at delineating flooded areas. Looking at flooding in the
Bangladesh monsoon period, Imhoff et al. (1987) showed that SAR (SIR-B) retrieved an
accuracy of 85% correctly classified, compared with 64% for Landsat MSS, using a simple
density slicing threshold method. The differing backscatter response from water and land means
that SAR has the capacity to distinguish sharply between these land cover classes (Sanyal and Lu,
2004) making it a potentially useful tool for quick response and rapid detection of flooded areas.
It has also been noted that SAR gives higher accuracy flood mapping responses on flat or
homogenous floodplain type areas (e.g. Galy and Sanders, 2000). However, areas of human
population such as urban environments are usually of more interest to hazard mitigation planners,

as these are the areas where losses are likely to be greatest.

Few previous studies have explored SAR implementation for urban flood detection, largely

because of complicating complex beam effects (i.e., Kiage et al., 2005; Oberstadler et al., 1997).



It also remains for a systematic evaluation to be completed of the various SAR image sets
currently available through multi-mode commercial sensors such as Radarsat, in order to identify
the optimal imagery specifications for flood detection. The response of the surface in urban
areas is little described and accounted for, and with regard to flood detection, what has been
written has often only been preparatory. For instance, Solbg and Solheim (2004) suggest that
flood detection can be enhanced in all types of terrain, including urban areas by combining
multi-temporal intensity analysis with interferometric coherence data (e.g., Dellepiane et al.,
2000; Stabel and Loffler, 2003). Although these researchers investigate a range of sensors and
beam modes (ERS and Radarsat; standard and fine beam mode), it was deemed necessary for
operational purposes to focus on the simple case scenario, i.e., open agricultural fields.
Therefore, these authors did not consider urban and forested regions. Solbg and Solheim (2004)
also describe the design and implementation of the SAR processing part of an operational flood
mapping service called the FloodMan project. This project focuses on near real-time,
unsupervised operational flood mapping. It divides up the SAR flooding process into three main
areas — (1) open agricultural lands, where SAR flood analysis is fairly straightforward using
thresholding techniques, (2) forested areas where double bounce causes an enhanced backscatter
response, and (3) urban areas were examined, consisting of a lot of concrete, steel and corners.
They conclude that urban material such as concrete makes it difficult to detect flooding, as there
will be no dramatic change in scattering mechanisms for flooded areas. Oberstadler et al.,
(1997), using ERS-1 SAR imagery, present qualitative and quantitative analyses (visual
interpretation and an automatic classification method). They used evidence-based interpretation
of satellite images (EBIS) which involved visual analysis, an automatic classification method,
and filtering techniques to classify flooded areas and create a continuous contour. They found
that problems occurred in urban areas because of the increased backscatter of buildings
overlaying the backscatter from any flooding, and that often no contour lines could be found.
Trees, port and embankment constructions in cities also gave increased backscatter. Despite
these issues, they conclude that radar has potential, with visual analysis proving useful for

delineating the flood boundary in agricultural land and some urban settlements.

In the specific case of flooding in and around New Orleans, Kiage ef al., (2005) used Radarsat-1
100m resolution ScanSAR images from the 2™ and 5™ September to look at flooding of the



wetlands of Louisiana after Hurricane Katrina. The authors carried out a preliminary study into
the performance of ScanSAR imagery for delineating flooding in New Orleans after the
hurricane. The ScanSAR imagery had a 50m pixel resolution. They concluded that in this
instance, SAR was not useful because the corner reflections from urban buildings caused

increased backscatter response.

Kiage et al. (2005) further suggest that since optical SPOT imagery has been useful in the
response to Hurricane Katrina, a combined SAR — SPOT approach should be investigated.
Another multi-sensor approach is utilized by Fatone, et al. (2001), who suggest a data fusion
technique may be advantageous for looking at urban areas in detail. They employ a
segmentation and de-noising regime, fusing SAR for its textural properties with optical imagery
for its high resolution properties. However, in terms of fast operational use for post-disaster
monitoring, acquiring both SAR and optical data can take time, and is therefore not focused on

here.

While these studies emphasize the importance of radar for flood detection, they also highlight a
number of challenges encountered because the urban environment complicates backscatter
response. Reviewing the literature, there is a lack of very high-resolution SAR data usage, such

as fine beam Radarsat.

1.2.2 Urban Orientation Effects on Radar Response

When structures such as buildings are placed into an environment, they can act as corner
reflectors (Dong, ef al., 1997; Dousset, 1997). This means that in addition to receiving a direct
response from the surface of the first incidence, they can also create a double (or triple) bounce
response from ground reflected beams. This phenomenon has been found to complicate urban
responses (e.g., Kiage, 2005), and is cited as a significant problem in detecting flood extent in
urban areas. In a typical urban environment, Dong, et al. (1997), state that there are three main
types of radar (surface) scattering. Figure 1-1 shows the importance of sensor flight lines and

feature orientation to the backscatter received.
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Figure 1-1 Types of Radar Scattering Encountered in Urban Areas. A) Single bounce scattering;
B) Double bounce where sensor and feature are aligned, increased backscatter received back to
sensor; C) Double bounce where flight line and feature orientation are not aligned and increased
backscatter is not received at the sensor; and D) Triple bounce scattering. Adapted from Dong et al.
(1997)

From a theoretical standpoint, figure 1-1 illustrates double bounce (dihedral) and triple bounce
(trihedral) arrangements. It should be emphasized that single bounce scattering can also occur
from the ground at particular incident angles, which miss interactions with buildings. As seen in
figure 1-1B and figure 1-1C, the double bounce response is reliant on the relationship between
the flight line and the feature orientation (as described in Henderson and Lewis, 1998). Sanyal
and Lu (2004) note that the magnitude of the double bounce effect will vary according to radar
look angle, wavelength and polarization. In a dihedral corner reflector response, the incoming
and outgoing radar response can be reflected back to the sensor, which will give an increased
brightness response. However, if the incoming angle is not aligned with the surface orientation,
the trajectory will still have a specular-type response, but will ultimately bounce off in a different
direction to the radar, resulting in particularly low pixel values. A particularly strong double
bounce effect is sometimes seen in urban areas, described by Lee (2001) as the cardinal effect.
He explains that lines of strong radar return from the four cardinal directions caused by the grid-
like layout of modern cities obscure adjacent targets, leading to loss of information, by in effect
blinding the sensor. Even in high-resolution imagery this is a problem because of strong side-

lobe generation. Lee (2001) goes on to discuss a technique which allows this total integrated



side-lobe energy (ISL) to be dampened down in the radar pre-processing stage, using SAR range

processing techniques.

To summarize, these studies show that double bounce effects can be complex, and may prove to

influence the accuracy of results obtained during flood extent detection.

1.2.3 Surface Material Effects on Backscatter Response

As well as building orientation, a main factor influencing backscatter from urban areas is the
surface material that the radar signal encounters. For example, Dousset (1997) examined energy
balance from a metropolitan area in the Los Angeles basin, using ERS-SAR. It was found that
smooth paved surfaces such as asphalt, pavement, airports and bare soil had very low backscatter
responses. This was thought to be because of reduced Bragg scatter and low soil moisture that
reduces sub-surface scattering. Over industrial areas, isotropic reflectance was found, due to
curved surfaces or randomly orientated structures. In downtown and commercial areas, high
backscatter from concrete and metallic structures appears to contaminate the signal, so that
extraction of ground surface information was not possible. She also found that over some low
density residential areas, the increase of backscatter intensity was correlated with the azimuth
angle between the radar illumination and the streets. In particular, ‘the regular geometry of
reinforced concrete walls, metal roofs and steel beams provides numerous dihedral reflectors,
resulting in greatly enhanced backscatter when the illumination azimuth is orthogonal to the

buildings’ (Dousset, 1997).

Some studies have assumed that there will not be any difference in backscatter between paved
surfaces and flooded surfaces (i.e. Solbg and Solheim 2004). However, this has not been
conclusively discussed, especially in relation to the urban environment, e.g., for instance tarmac
creates both volumetric and surface scatter, but flood waters produce only a surficial response
(Li and Sarabandi, 1999). Add to this the effect of debris and floating matter in flood water, and
a more complicated response may arise that could lead to many differences in backscatter
between the two situations. Theoretical understanding between flooding signatures in urban areas,
and backscatter response from urban materials is therefore limited at present, and requires further

investigation.



1.2.4 Previous Methods of Flood Detection

Previous radar flood detection studies have explored a range of different methods for extracting
inundation information from satellite scenes. It is possible to extract specular flood response
pixels from a single image due to their very dark nature (Malnes ef al., 2002). However, more
complicated responses are less easy to extract. Stabel and Fischer (2002) note that although it is
possible to classify flood water from a single SAR image, it is not possible to extract permanent
water from flood water without subsidiary data. Therefore multi-temporal, change-detection
involving flooded and non-flooded scenes is also commonly used for flood mapping. A number
of studies have used a false color composite approach (e.g., Badji and Dautrebande, 1995;
Kannen, 1995) allowing a satisfactory visualization of flood extent seen at the time of acquisition
(Brivio et al., 2002). A simple multi-temporal intensity technique may involve taking SAR
images from the same area on different dates, and assigning them to the red, green and blue
channels in a color image. The visualization allows manual delineation of flood boundaries by

tracing around the visible extent.

An alternative way of detecting change due to flooding uses a thresholding method, where a
threshold is specified in decibel (dB) above which land is seemingly dry, and below which land
is flooded. Threshold values are determined by a number of processes, depending on the study
area and overall spectral signature of the imagery. For example, Zhou et al. (2000) and Malnes
et al. (2002) extract a water signature from single radar images using an image histogram, where
flooding has two distinct peaks pertaining to the specular dark pixel response of water and the
higher backscatter values of the rest of the scene. This approach can be enhanced using filters to
maintain edges and texture, and enhance image contrast, but decrease noise effects. Malnes ef al.
(2002) used Bayesian statistics to show that the probability of misclassifying water pixels using
this method was 3%. However, it was noted that around 10% of land pixels were misclassified
as water. Due to different responses from trees and urban environments and variations with
weather conditions, a universal threshold for flood detection is not justified, and as such, must be
taken on a case-by-case basis if used (Sanyal and Lu, 2004). Furthermore, it needs extensive
filtering of data (Kuehn et al. 2002) as the main difficulty with simple image differencing and

thresholding techniques is the presence of speckle and noise. It is multiplicative and related to



backscatter, so that an increase in backscatter leads to an increase in noise. As long as filtering
and histogram statistics are utilized, it can be a useful technique for flood delineation. When
Malnes et al. (2002) considered regions of interest, calculating mean and standard deviation
statistics, subsequent region growing to neighboring pixels that were within 36 gave a superior

result.

Classification schemes have proven useful for deriving flooded and non-flooded classes of water
versus the surrounding land cover. Examples have included neural network solutions (e.g., Wei
et al., 2002; Sohn et al., 2005; Pellizzeri et al., 2003), support vector machine (Solbg, 2003) and
maximum likelihood classifiers (e.g., Lonbardo and Oliver, 2001), and decision tree approaches
(e.g., Parmuchi et al., 2002). Advanced flood detection approaches documented in the literature
include active contour methods (Horrit et al., 2001; Ahtonen and Hallikainen, 2005; and Gruen
and Li, 1997) and phase coherence studies (Horrit ef al., 2001; Dellepiane et al., 2000; and Nico
et al., 2000). It is important to note that these methods are not employed within the present
evaluation, because of the loss of coherence due to time differences between available images

acquired for this study, and limitations of Radarsat imaging geometry for interferometric studies.

While previous studies suggest that radar has considerable potential for flood detection,
documented performance within urban environments has been varied, and progress has been
limited by methodological challenges such as complicating multi-bounce effects. Before
creating elaborate methodologies or conducting advanced data fusion studies, it is necessary to
develop a more fundamental understanding of the performance of SAR imagery for urban flood
mapping. As part of this exploratory work, it is important to examine all types of response from
the flooded urban environment, and not to simply assume the specular dark pixel radar response
that prior studies have attributed to flooding. Accordingly, there is a pressing need to extend
existing theoretical and methodological bases for extracting flood extent and area in an urban

environment using SAR imagery.



1.3 Hurricane Katrina

On the 29™ of August 2005, Hurricane Katrina made landfall as a Category 4 storm in
Plaquemines Parish, Louisiana (USGS, 2005). Due to the hurricane, storm surges affected large
areas of coastlines along Louisiana, Mississippi and Alabama, and also the hydrological system
associated with Lake Pontchartrain in close proximity to New Orleans. The storm surge caused
by Hurricane Katrina breached a number of the levees on canals linked to Lake Pontchartrain,
causing extensive flooding throughout the city, estimated at 80% (USGS, 2005). Because of the
extent of the flooding through the urban environment, Katrina is thought to have been the
costliest natural disaster in US history with insurance claims and damage estimates still being
revised at the time of press. Eroding levees along the Mississippi, the Mississippi River Gulf
Outlet (MR-GO) and the Mississippi Sound caused major flooding in St Bernard’s Parish and the
Lower Ninth Ward. A second surge flowed Westward through the Gulf Intracoastal Waterway
further contributing to flooding in this area. More breaches occurred along Lake Pontchartrain,
the London Avenue Canal and the 17" Street Canal causing flooding in Eastern and Western
New Orleans. By September 1%, the flood water is thought to have equalized to around three feet
above sea level (NOVA, 2006). Given the extensive nature of flooding within the city and
timely acquisition of multi-resolution SAR imagery, New Orleans is a useful case study for

exploring optimal imagery specifications for the monitoring of urban flood events.

1.4 Aims and Objectives

Given the pressing need to improve our theoretical understanding of radar flooding response in
urban areas, and to develop operational techniques for flood monitoring in urban environments,
the aim of this study is to: Investigate the performance of multi-resolution SAR data to detect
urban flooding, using the post-Katrina inundation of New Orleans as a case study. Within this

broad aim, several objectives are identified:

1. To investigate the general characteristics of radar response from a flooded urban
environment
2. To explore multi-temporal change detection-based methodologies for detecting urban

flooding



To perform a comparative evaluation of SAR standard and fine beam imagery for
identifying flooding in New Orleans
To undertake validation using multi-source data, in order to establish which SAR

imagery specifications and methodology perform best.
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SECTION 2
STUDY AREA

2.1 Area Description

The study area shown in figure 2-1 is the county of Orleans, Louisiana, and specifically the
urban areas within this; namely the city of New Orleans, St Bernard’s, Plaquemines and
Jefferson parishes. The City of New Orleans is centered at 29°57'53" N 90°4'14" W with an
estimated population of 469,032 in 2003 (US census Bureau, 2006) and an area of 181 square
miles in 2000 (US census Bureau, 2006). It is bordered on the north side by Lake Pontchartrain
and on the southern extent by the Mississippi River. The city itself lies predominantly below sea
level. Engineered levees enhance the natural silt deposition in the area, leading to land
immediately surrounding the Mississippi lying at around 11 feet above sea level (McGlothlin,
2006) and Lake Pontchartrain at around 2 feet above sea level. During the late 19th - early 20th
century, a series of canals and pumping stations were created, mainly in the naturally wetland /
swamp environments to the North, to essentially drain New Orleans (McGlothlin, 2006). This

more stable reclaimed land was then used to expand the city.

N

‘\ Tennessee

Oklahoma

NorthCarolina

South Carglinal
Arkansas

Alabama Georgia

New Orleans

0 60 120 240 Kilormetars
S |

(a) Position of New Orleans within the US (b) Detailed study area showing parishes and
main inland water bodies. Populated areas
are dark. New Orleans is the main populated
area.

Figure 2-1 Study Area
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2.2 Multi-mode Radarsat-1 Data

Radarsat -1 was launched on November 4™ 1995. It is a C — band SAR (i.e. 5.6cm wavelength),
with 7 beam mode capacity and 35 beam positions. It utilizes a sun-synchronous orbit 798km

above the earth at an inclination of 98.6 degrees. It has a right-looking radar and can achieve a

24-day repeat period (MDA, 2006).

Different beam modes are characterized by different incidence angles and resolutions as shown
in table 2-1. In terms of flood monitoring, the advantages of the system include a frequent revisit
period, near real-time processing, cloud free images and swath widths of 50-500km, at incidence
angles from 10-59 degrees (MDA, 2006). The maneuverable radar transmitter and receiver
means that the elevation angle and beam positions can be modified (Henderson and Lewis, 1998).
This flexibility is extremely important, since changes in incidence angle can dramatically change

the characteristics of the data captured.

Table 2-1 Radarsat-1 Beam Mode Overview

Beam Mode Nominal area covered (km) Nominal resolution (m)
ScanSAR wide 500 x 500 100

ScanSAR narrow 300 x 300 50

Extended low 170 x 170 35

Wide 150 x 150 30

Standard 100 x 100 25

Extended high 75x 75 25

Fine 50x 50 8

Radarsat-1 operates in two main instrument modes: single beam and ScanSAR. In Single Beam
Mode, the beam is characterized by its nominal incidence angle, nominal swath width, and
nominal spatial resolution, and the beam elevation and profile are maintained constant
throughout data collection (MDA, 2006). ScanSAR uses a sequential operation, taking two or
more single beams to create an artificially wider swath. The radar beam switches to provide two
looks per beam. As is often the case, a wider swath is obtained at the expense of spatial

resolution (MDA, 2006).
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Table 2-2 summarizes the characteristics of the beam modes examined in this study. Fine beam
mode offers the best spatial resolution, at the expense of a smaller 50km ground range, to keep
the signal within the correct bandwidth. Five Fine beam positions are available on Radarsat,
named F1 to F5. These are available to cover the far range of the swath, the incidence angle
range from 37 to 47 degrees. Shifting each of these closer or further away from nadir has given
Radarsat an extra class of beam positions (e.g. FIN — near or F1F — far). Standard mode has 7
beam modes, and wide beam is similar, although the swath width is extended to 150km instead
of 100km (MDA, 2006). In addition to these three modes, there are also extended high (EH) and
low (EL) beam mode operating systems. These can collect from 49-60 degrees incidence angle,
and 10-23 degrees respectively. Due to their sub-optimum scan angle, a degradation of image is

expected compared to the standard mode (MDA, 2006), and as such, they were not used in this

study.
Table 2-2 Selected Radarsat-1 Beam Mode Characteristics

Parameter Standard mode Fine mode

Beam positions 7 beam positions (S1-S7) 5 beam positions (F1-F5) (10%
(>10% overlap) overlap)

Nadir offset ~250km ~500km

Swath Width 100km Swath Width: 50km

Range Resolution 26m (near) -20m (far) 8-9 m

Azimuth Resolution 28m 9m

Looks 4 1

Incidence angle range 20-49° 35-49°

After Natural Resources Canada (2006)

Four RADARSAT images were acquired from MDA Geospatial Services. A summary of the
datasets available for New Orleans is shown in table 2-3a. Both fine beam and standard beam
modes were examined. Wide beam mode was not examined due to the lack of suitable archive
comparison data. The peak flood event in New Orleans took place on around the 31* August
2005. However, because of the geography of the area, standing flood water was still present
weeks after. Images during the flooding were acquired on the 2™ September 2005 for Standard

beam mode, and the 9™ September 2005 for fine beam mode. Post-flood imagery from the 13"
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April 2006 was available for fine beam mode, and April 30™ 2006 for standard beam mode. All
images acquired were matched to the same orbit and swath as the comparison image for

continuity. Images were pre-processed to ground range and pixels were converted to Intensity

by MDA.

Table 2-3a Image Acquisition Characteristics

Beam mode  Date Pixel Image Centre (Long,  Incidence  Time in
acquired spacing  Lat, NAD84) Angle relation to

(m) flooding

Fine beam September 6.25 29°53'N 090°09'W  46.46 During

mode 5 9" 2005

Fine beam April 13" 6.25 29°53'N  090°09'W  46.46 After

mode 5 2006

Standard September 12.5 29°56'N 089°41'W  39.13 During

beam mode 5 2! 2005

Standard April 30" 12.5 29°57'N 089°40'W  39.13 After

beam mode 5 2006

A summary of validation data is shown in table 2-3b. A SPOT-derived flood area was available
for the 2" September. This was available from FEMA and had been derived by researchers at
the Dartmouth Flood Observatory (FEMA 2005). The second validation used was a Landsat 5
derived flood area from the 7" September 2005. This was derived by thresholding low pixel
values from the visible bands and negating any normal low pixel response (i.e. due to permanent
water etc.) by running the same analysis on a non-flooded situation image. It was decided to use
these separate sources as flood extent varies a great deal temporally. It was very important to

match dates with the radar imagery as much as possible. These validation datasets are shown in

Figure 2-2.
Table 2-3b Validation Dataset Characteristics
Validation data Date Source
SPOT derived flood  September 2™ 2005 Flood area USGS.
area
Landsat 5 derived September 7th 2005 Image USGS Derived flood area
flood area ImageCat
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(b) Landsat 5
N

Figure 2-2 Optically Derived Validation Data Sets from (a) SPOT from the 2" September 2005, and
(b) Landsat from the 7" September 2005
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SECTION 3
METHODOLOGY

Figure 3-1 summarizes the methodology that was used to investigate the performance of
different Radarsat-1 imagery specifications for urban flood detection. The methodology is
comprised of five major steps: pre-processing, analysis, validating inputs, flood area validation
and flood boundary validation. Within each of these major steps are a series of sub-steps. The

discussion that follows elaborates on these more detailed steps.

PRE-PROCESSING

" Input Radarsat imagery from flood and non-

flood conditions

a.  Fine beam mode

b.  Standard beam mode

" Calibrate to beta nought

VALIDATION INPUTS ANALYSIS
" Validation inputs: - Speckle filtering
o  SPOT layer from FEMA L " False colour composite
o Landsat 5 layer derived using n Difference image

thresholding

- Density slicing
" Reclassified as flood = 2 and No flood = 3

= Thresholding

/ v

FLOOD BOUNDARY VALIDATION FLOOD AREA VALIDATION
" Boundary drawn around validation and radar " Binary flood / no flood assigned values
- buffers created around validation " two layers multiplied together to give

area intersection matrix
" intersection analysis

" True positives, true negatives and false

n . .
output stats positives and negatives assigned.

Figure 3-1 Methodology
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The following discussion highlights the details of the approach described above, i.e., figure 3-1.

a.) The images are imported and calibrated to Beta Nought (dB). This is a dimensionless
quantity defining the reflectivity per unit area in slant range.

b.) Geo-registration of the Radarsat images is carried out using the ITT Visual Information
Solutions’ ENVI radar geoprocessing tool (for more information, see RSI 2000). A 2™
degree polynomial re-sampling technique is used, registered to UTM Zone 15N, and the
Molodensky datum transformation is registered to WGS 1984. Once the geo-registration is
completed, minor shifts between datasets are assessed by examining some preliminary
difference images.

c.) If minor shifts are discovered, co-registration of the images is needed. This is achieved by
using manual tie points in ENVI. All calibrated georeferenced images are then warped to the
April 13"™ 2006 fine beam mode image. In our example, we used 10 tie points, and a
polynomial second degree nearest neighbor interpolation. The RMS error was reduced to less
than 0.5 pixels in all cases.

d.) The data layers are then stacked, subset and masked using an urban mask derived from a
1992 National Land Cover map.

e.) The images are split into specific areas of the city, and summary statistics and histograms are
investigated for the different areas. Statistics are derived from the unfiltered imagery.

f.) To reduce speckle and aid the visual analysis, the amplitude images are filtered. A radar
specific filter, the Enhanced Frost filter, is used to dampen down speckle. A 5 x 5 filter size
is utilized as a trade-off between reducing speckle and retaining image details. This is
suggested as a useful speckle filter for preserving high intensity pixels as well as the edges of
features by Ho et al. (1998). In particular, the Frost filter is seen to preserve high-intensity
pixels, which may be of use in this study.

g.) As a preliminary change detection technique for identifying flooding using the respective
Radarsat beams, false color composites are created for each beam mode. The non-flood
image is used in the red and blue channels, with the flooded image as green.

h.) In order to highlight flooded areas, differencing is undertaken for the fine and standard

beams modes, using the flood (September) and non-flood (April) images. A standard
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subtract routine is employed. The difference images are then classified by dB difference to
better interpret the variation of difference values across the image.

1.) A threshold is chosen for each beam mode, with a combination of histogram lead knowledge
(the lowest dB difference seen for flood versus non-flood) and density slicing to enhance
signal, and decrease speckle. This creates a binary flood and no flood image, where flooding
has a high positive backscatter difference at the time of the flood, and no flooding has a low
backscatter difference or negative difference at the time of the flood. The chosen thresholds

are shown below:

(a) Fine beam mode (b) Standard beam mode

6 Kilometers
6 Kilometers

G

B IR L & e | %h» A 5
+2.3dB difference +0.6dB difference
Figure 3-2 Threshold Difference Images from (a) Fine Beam and (b) Standard Beam Modes

j.) To delineate a flood boundary and consistent flood area from the change detection images, it
is necessary to use an aggregation method, as the images are still very speckled, with
disparate and coarse textures of response. A median filter is chosen to expel isolated pixel
values and aggregate similar regions of pixel values, without biasing the neighborhood result
with an outlying pixel, as a low pass filter could. Different window sizes are used to
examine the effect on the accuracy of results. Figure 3-3 shows the result of aggregating

with different window sizes.
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Fine beam mode (9" Sep 2005) Standard beam mode (2™ Sep 2005)
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Figure 3-3 Effect of Median Filtering on Threshold Flood Signal

To assess the relative accuracy of the SAR-derived flood extent against independent validation

data, two approaches were employed:

a) A manually-derived flood boundary based approach
b) An area-based flood detection approach

For the boundary-based validation, a flood boundary was manually delineated on the standard
beam mode and fine beam mode aggregated difference images. Originally, the unfiltered images
were used, but this left a lot of subjectivity in the delineation. The fine beam mode boundary
was compared with the Landsat 5 derived boundary as they were the most similar in date. The
standard beam boundary was compared with a boundary derived from a SPOT flood area created
by FEMA. To compare the radar-delineated flood boundaries with the validation boundaries, a
multi-ring buffer was created on the validation boundary. Each buffer segment was treated

separately and overlaid with the radar flood delineation boundary so that only boundary
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segments within that distance were derived. The length of the floodlines within each boundary
was then calculated. Lastly, the percentage of each flood boundary within a certain buffer zone

was calculated giving an estimate on the closeness of fit between the two layers.

For flood area delineation, the binary flood and no-flood radar maps created in step (j) were
intersected with the binary flood and no-flood validation layers shown in figure 3-1. The
validation and radar layers were multiplied together to create a four class contingency matrix
image, showing areas of flood agreement and disagreement, false positives and negatives.
Overall accuracy, user and producer and statistics were derived for each classification and kappa
coefficients were calculated to examine the probability of the result occurring by chance. The

following section discusses the results of this analysis.
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SECTION 4
RESULTS

4.1 Amplitude Images

Figure 4-1 shows fine beam mode and standard beam mode Radarsat images of New Orleans.
These have been filtered and masked to the urban extent of the city. A visual analysis of the
imagery from the time of the event compared with the imagery post event shows that as well as
slight changes possibly due to natural variability, both beam modes show two main areas of

increased backscatter, which require further investigation. These are marked A to D in figure 4-1.

Both of these areas consist of many point target responses due to the nature of the urban area.
Analog to digital conversion (ADC) of the radar signal was undertaken by MDA before receipt
of the imagery. Absolute radiometric correction is important when results from multiple
acquisitions are compared (Nicoll et al., 2002). One major contributor for high contrast targets is
saturation power loss. In the images processed, area B in particular shows high saturation levels.
It is thought that in this particular area, the analog signal was stronger than the limits of the ADC,
forcing the upper end of the continuous analog signal into 1 DN bin at the furthest extent of the
histogram. This area, therefore, contains poor signal to distortion ratio. The same cut-off was not

seen at the lower end of the histogram.

Radarsat uses Automatic Gain Control (AGC) onboard the sensor prior to the input to the analog
to digital converter. The AGC samples a subset of the data; in the case of Radarsat, these values
are set based on signals received from part of the swath in the half closest to the satellite. This
determines a signal gain to be applied immediately before digitization at the ADC for a number
of pulses. If the sub-sample is not a good representation of the backscatter for the pulse, then
significant saturation can occur, and the whole line will be processed darker than its neighbors
will. Therefore, a series of light and dark bands occurs frequently when the satellite images
coastlines and the AGC is used (Nicoll ef al,, 2002). If areas are dark on the near range and
brighter on the far range, areas in the far range may be saturated. The near range here does

contain some dark wetland and lake areas which is why the AGC has not performed well. To
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perform a power loss correction for Radarsat AGC requires reprocessing from signal data. Signal

data was not available in this instance.

It is acknowledged that the saturation artefacts in the image are not ideal, however the imagery
will still be useful to examine as it is seen to vary temporally. It is important to remember that
the incidence angle, sensor heading, and swath characteristics for the flood and non-flood
imagery are the same, and so the AGC should compensate similarly for both images. Other
differences in backscatter should be due to temporal effects, which will still be valid to

investigate.

Non-flood event image

Fine beam mode (9 September 2005) Fine beam mode (13" April 2006)

b
i .
ol

S

Standard beam mode (2" September 2005) Standard beam mode (30™ April 2006)
Figure 4-1 Raw Radarsat Imagery
4.2 False Color Composite

A False Color Composite (FCC) was utilized to visually explore in more detail the multi-
temporal difference in backscatter (figure 4-2). Considering the flooded image was assigned to

the green channel, and the non-flooded image was assigned to the red and blue channels, areas of
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green in the False Color Composite (FCC) would relate to increased backscatter seen at the time
of the flood. Areas of pink would relate to areas where little consistent change was seen between
dates. This visualization presents a number of general patterns of response that are present in
both fine and standard mode results. It firstly enhances area A, identified in section 4-1, where
increased backscatter is seen at the time of the flood. The anomalously high backscatter in area
B is seen in both images, in both beam modes, as this creates a white signal (high in all channels).
In addition to this, areas which were not so obvious in the single images alone have also shown a
change in response, as green areas are seen to the east of the city. These new areas of change
have been marked C and D in figures 4-2 and 4-3. These green areas, as well as exhibiting
higher backscatter in the flooded image, also contain small areas of intense pink coloring, which
relate to areas where backscatter has decreased at the time of the flood. Areas of no major

consistent change are classed as E and are characterized by a pink signal.

Figure 4-2 Fine Beam Mode False Color Composite Where Red = 13" April Pre-Flood, Green = 9™
September — Flood, and Blue = 13™ April Pre-Flood
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Figure 4-3 Standard Beam Mode False Color Composite Where Red = 30™ April Pre-Flood, Green
=2"! September Flood, and Blue = 30" April Pre-Flood

Although this change in backscatter is seen at the time of the flood for both fine and standard
beam modes, the extent is shown to differ. The green area of A in the standard beam mode is
seen to have a wider extent than fine beam mode, for instance. It is suggested that this difference
in extent may be linked to the difference in acquisition dates of the images, however this needs to
be investigated further. In summary, the color composites are seen to identify a definite and
consistent change which should be investigated further to demonstrate that higher backscatter

seen may be related to the flooding of New Orleans due to Hurricane Katrina.

4.3 Difference Image

Leading on from the false color composite analysis, a more thorough investigation of dB values
was undertaken. A difference image was employed to examine the magnitude and direction of
dB change. This is shown in figure 4-4, with a comparable scale used to display values for fine

and standard modes.
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Figure 4-4 Decibel Difference Images for a) Standard and b) Fine Beam Modes. Circled are
Localized Areas of Large Negative Difference (area F)

The difference map further highlights variations in backscatter across New Orleans between the
flooded and non-flooded scenes. Both maps show features A-D from the false color composite,
as areas of blue, which corresponds to high positive difference values. Area B, in particular,
appears to have a concentration of positive difference values. Areas C and D also include some

negative differences. Area E is characterized by small magnitude difference values which show
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no consistent pattern. Finally there are localized occurrences of large negative differences in all

areas, possibly pertaining to specular responses which were not present before.

Comparing the standard and fine difference maps, both are seen to show the same general pattern,
however the fine beam mode image has more blue which means a greater concentration of
positive dB difference values than the standard mode. The maximum positive and negative
values are also higher on the fine beam mode map. This is reflected in the normalized frequency
distribution shown in figure 4-5, and by the increase in mean and standard deviation shown in
table 4-1. This effect can be seen across the whole of figure 4-5, although it is most appreciable
in areas A-D. Again, area A appears to cover a larger geographic area in the standard beam

mode compared with the fine beam mode, probably because of the difference in acquisition dates.

Normalised frequency of dB difference

Y
© o o o
D N 0 © =
! ! ! !

Fine beam mode

— — — — Standard beam mode

Normalised frequenc
© o o o
N w O
L L L L

o
-
!

o

-25

dB difference

Figure 4-5 Normalized Frequency of Db Difference for Fine and Standard Beam Modes,
Clipped to 99%

Table 4-1 Difference Image Statistics

Beam mode Min Max Mean SD
Fine -65 41 1.15 5.10
Standard -25 21 -0.04 3.12
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4.4 Statistical Analysis

Regions of interest were extracted from areas A-F. The areas were designated depending on a
number of factors. Firstly they were based on the different backscatter responses identified in
figure 4-3. They also corresponded roughly to different areas of the city; the densely built up
centre of New Orleans, and the surrounding parishes. This procedure allowed statistics to be
calculated for selected samples within those areas, assigning values to the patterns that were
identified (see figure 4-6). Each area contained distinctive responses, which are summarized by

the area names assigned below.

Figure 4-6 Study Area Split into 6 Zones of Investigation, and Sample Areas for Statistical Analysis
(Circles)
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Table 4.2 — Average Backscatter Responses and Difference Statistics

Area Description Flood No-Flood Difference
(average dB) (average dB) (average dB)
A (Fine) Flooded area -7.3 -10.5 3.2
A (Standard) Flooded area -5.3 -3.4 1.9
B (Fine) Saturated area 1.7 -3.5 5.2
B (Standard) Saturated area 1.8 0.2 1.6
C (Fine) Mixed response -11.4 -13.7 2.3
C (Standard) Mixed response -7.3 -7.9 0.6
D (Fine) Small response -8.2 -11.1 2.9
D (Standard) Small response -5.0 -5.7 0.7
E (Fine) Non-flooded area -17 -14 -3.4
E (Standard) Non-flooded area -9 -7.3 -2.6
F (Fine) Open areas of land -9 -8.1 -0.9
F (Standard) Open areas of land -3.6 -5 -1.5
4.4.1 Area A

Area A is a flooded area. Considering table 4-3A, this area is characterized by a definite
increase in backscatter at the time of the flood. This area is seen to be flooded using both
Landsat and SPOT validation data. The mean backscatter between the flood and no flood event
imagery differs by 3.2dB for fine beam mode. Backscatter at the time of the flood was recorded
at an average of -7.3 dB. In the non-flood situation, the mean backscatter is recorded at -10.5 dB.
In standard beam mode, the margin of increase is less pronounced. Mean backscatter between
the flood and no flood event imagery differs by 1.9dB with a mean backscatter of -5.3dB during
a non flood situation and -3.4dB during a flood situation. In both fine and standard modes, the
distribution is similar to the no flood image, despite being shifted by these amounts. Examining
the optical imagery, this flood signature relates to an area composed of high-density residential
structures in a strict grid pattern. Houses are relatively large, and there is relatively little open or

green space.

4.4.2 AreaB

Area B is characterized by a saturated area. Table 4-3B demonstrates a large frequency of
extremely high dB values exist for both flood and non-flood conditions. The histograms

respectively peak at a frequency of >10,000 pixels for a value of 8.3dB for fine beam mode, and
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>2,500 pixels with a value of 9.8dB for standard beam mode, which is where the ADC did not
adequately sample the high radar signal received at the center. Similar to area A, this region of
New Orleans is composed of high-density residential structures, with relatively little green or
open space in the vicinity. Unlike area A, the streets are all aligned in a very specific direction,
an orientation effect that may be responsible for the large frequency of high dB values obtained.
Figure 4-7 further illustrates the relationship between the saturation and the street row
configuration. In particular, the first row of houses of each block in this orientation gives a very
strong response. They also appear to be perpendicular to the incoming radar beam direction.
The sensor platform heading for the fine beam descending mode image was 193°, equating to a
283° look direction. The average angle of streets in the very high backscatter area is around 81-
84°, making the look direction almost parallel to the street angle. This suggests that the
saturation is induced by an increased double bounce effect from the particular orientation of

these streets and buildings.
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Figure 4-7 Area B Overlain with Tiger Lines™ Comparing Street Alignment and Look Angle with
Backscatter Response. (Fine Mode April 13™ Non Flooded Image Used).
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To attempt a simple multi-temporal investigation, the saturated values were simply excluded
from analysis in this area. Figure 4-8 illustrates the area B histograms after eliminating values
relating to the saturation effect. In fine beam mode, the mean values increase from -3.5 dB at
non-flood conditions to 1.7dB during the flood, a difference of 5.2dB. For standard mode, the
mean values are lower at 0.2dB and 1.8dB respectively, with a smaller difference of 1.6dB. This
suggests that in spite of the saturation effect, area B exhibits a similar pattern of response to area

A, with an increase in backscatter at the time of the flood.

Fine beam mode Standard beam mode

It
I

Figure 4-8 Histograms for Area B with Saturation Peaks Removed

4.4.3 AreaC

Although flooded, table 4-3C shows less change in mean backscatter than the first two areas in
both beam modes, and is characterized by a mixed response. In fine beam mode, a 2.3dB mean
difference is still seen, from -13.7dB during the non-flood situation to -11.4dB at the time of the
flood. The standard beam mode decibel difference showed negligible change. 0.6dB change
was seen, where dB values were -7.9dB during non flood conditions and 7.3dB at the time of the
flood. This area also has a low average dB range compared to most other areas. It is suggested
that these low values are related to the land cover in this area. Considering table 4-3C, there are
a large amount of canal and lake features in this area, as well as relatively large areas of open
space such as parks and wetlands. Residential structures are still on a grid system. However the
predominant street angle is around 40-45 degrees different to the alignment of streets in central
New Orleans. Some blocks also have recognizably more expansive garden surrounds to their
homes. The absence of a distinctive flood signature in this area requires further investigation of

the relationship between radar response and urban configuration.
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4.4.4 AreaD

Flooded neighborhoods in table 4-3D shows slight increases in dB values at the time of the flood
for both beam modes. For fine beam mode, 2.9dB of change was observed, from a mean decibel
level of -11.1dB at non-flood conditions to -8.2dB at flood conditions. In standard beam mode,
0.7dB change was seen from -5.7dB under non-flood conditions to -5.0dB at the time of the
flood. The standard deviation in this area was not seen to change considerably for either beam
mode. As in area C, the flood signature in this region is less distinct. Again, it may be related to
landcover type; this area is characterized by a mixture of different residential structures,
industrial areas and open park areas. From table 4-3D, a localized increase in backscatter areas
is mainly associated with residential areas. A decrease in backscatter coincides with open park
areas, and also certain residential areas where the distinctive grid structure of the buildings and

road configuration is degraded due to the complete destruction of the areas.

4.4.5 Area E

This area is the first sample to show a decrease in backscatter at the time of the flood, and is also
the first to come from a non-flooded area as specified by the optical validation data. Fine beam
mode shows -3.4dB difference (mean of -17dB at the time of the flood, compared a mean of -
14dB for non-flood). In standard beam mode there is -2.6dB difference with a mean of -9.9dB at
the time of the flood and -7.3dB from the non-flood image. From table 4-3F, these
neighborhoods are high-density residential. Importantly, they were not flooded during Hurricane

Katrina, further suggesting that the flood signature is characterized an increase in backscatter.

4.4.6 AreaF

This is the second area investigated where the mean backscatter decreases at the time of the flood.
There is a -0.9dB mean difference in fine beam mode, with -9dB at the time of the flood and -
8.1dB under non-flood conditions. There is also a -1.5dB difference in standard beam mode,
with the non-flood image exhibiting a slightly higher dB value than the flood image (-5dB as
opposed to -3.6dB). These areas were chosen because of their large decrease in backscatter
values at the time of the flood, but they are located in areas affected by the flood as defined by

the optical validation dataset. They correspond with areas of flat open land such as car parks, or
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grass areas. This suggests that the flooding created an enhanced specular response, leading to

decreased return signal back to the radar.

4.4.7 Summary

In summary, this analysis suggests that areas identified as flooded by the optical validation data
have, in general, recorded higher backscatter values at the time of the flood in radar imagery. A
decrease in backscatter was seen from the sample taken from the non-flooded area. The
distinctive positive difference in backscatter mainly corresponds with high-density residential
areas, particularly where street patterns and buildings are aligned in a grid pattern, and where
streets were perpendicular to the look angle of the radar. This change in values was accentuated
more in fine beam mode than in standard mode. Parks, open spaces and completely destroyed
areas within the flood zone tended to show a less distinctive change in backscatter values,

suggesting a specular flood response.
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SECTION §
VALIDATION

Two validation methods were chosen to investigate the accuracy and spatial variability of the
detected change signal throughout the urban area of New Orleans and its suitability for mapping
urban flooding. After thresholding and filtering, the first intersection analysis focuses on
validating a flood boundary derived from manual delineation. This examines the maximum
extent of the flooding. The second area intersection analysis focuses on the consistency of signal

within the flood areas.

5.1 Boundary Intersection Analysis

Figures 5-1 and 5-3 show the results of the intersection analysis for fine and standard beam
modes. In both cases, green shows good agreement between the validation and radar-derived
flood boundary (within 150m). Yellow to orange is medium agreement (within 550m), and red is

poor agreement (500m+)

Figure 5-1 Boundary Intersection Analysis Between Fine Beam Derived Flood Boundary and SPOT
Derived Validation Layer
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Fine beam mode showed generally good results, with 58% of radar boundary length falling
within 150m of the validation boundary, and 82% of boundary length falling within 550m of the
validation boundary. This is shown in figure 5-1. This proved to be a more accurate result than

standard beam mode. Within this result, accuracies were spatially variable.

The numbers marked in figure 5-1 show points of poor correlation with the validation. Points 1
and 2 fall within the area of saturation (area A). It is clear that in this area high backscatter values
spread beyond the boundary of the flood because of the effect that the saturation has on the
surrounding pixel values. Point 3 is an area where some flooding was not distinguished. It is
characterized by both different block formation (although similar road angle) and different
housing type than those to the west that did show a large change in dB levels (figure 5-2).
Useful parameters to investigate further could include building density, building orientation,

street orientation and building height.

(b)

Figure 5-2 Differences Noted in Urban Parameters within Area B such as Building Density and
Block Pattern between (a) an Area Showing Large Differences in dB Level During the Flood,
and (b) an Area Not Showing any Considerable Change in dB Values. Both Areas were
Flooded as Confirmed by Validation Data.

The area marked 4 did not show high backscatter values as it is actually a small area of wetland
not masked out of the area. Point 5 is an area where houses were completely destroyed. No

backscatter increase was seen at this area although it was flooded leading to an inaccurate
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boundary. Finally point 6 gives an inconsistent response. There is not an obvious change in land
cover or building configuration in this area. Therefore the inaccuracy may stem from either the
difference in dates between the validation and the radar data or other building parameters which

need to be investigated more thoroughly.

Figure 5-3 Boundary Intersection Analysis between Standard Beam Derived Flood Boundary
and SPOT Derived Validation Layer

As shown in figures 5-3 and 5-4, Standard beam mode showed fair results. 46% of radar
boundary length falls within 150m of the validation boundary layer, and 78% falls within 550m.
This is seen to be less accurate than fine beam mode. Again, the result is spatially variable.
Three main areas of boundary inaccuracy were found. Point 7 underestimated the flood boundary
to a greater extent than fine beam mode. The urban configuration in this area has been explained
in figure 5-2 and is a possible explanation for the low backscatter observed. No big errors are
seen due to saturation effects here. This may be due to the difference in range described in figure
4-5. Points 8 and 9 stem from areas of woodland which were not marked as flooded in the
validation (because the validation was derived from optical sources, it was probably not possible
to distinguish flooding below the canopy, whereas the radar signal was able to show a difference

in backscatter).
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Figure 5-4 Vector Intersection Analysis Results
5.2 Area Intersection Analysis

Generally, fair results were seen from the area intersection analysis. Comparing the area flooded
with validation datasets for various filter sizes, total accuracies were generally better as filter
sizes increased, as shown in figure 5-5. User, producer and kappa coefficients increased in much
the same pattern. The best filter examined for both beam modes was the 29 x 29 filter. This was

seen to be adequate to remove speckle, and to create coherent flood and no-flood areas.

Continuing with the results from the best analysis using the 29 x 29 filter, the overall accuracy of
the flood classification for fine beam mode was calculated as 77%. For standard beam mode this
dropped slightly to 73%. Producer accuracy shows what percentage of each validation class is
correctly classified. Very good results were seen for both non-flood classes with a fine beam
producer accuracy of. Few false positives and negatives were seen outside of the flood area,
helping to validate the fact that the change detection was a valid method to use, and that changes
seen are correlated to non-random change in backscatter values. Flood class producer accuracy
was recorded between 50-60% for both beam modes. Some false positives and negatives were
seen within the flood area, showing that the change in backscatter is not consistent throughout

the whole zone. Fine beam mode performed better than standard beam mode. User accuracy
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shows what percentage of each classification class was classified correctly. Again, fine beam
mode performed better than standard beam mode. Non-flood classification was very good, with
both beam modes over 80% after 15 x 15 filtering. The flood class was less accurate with the
best result of 56% using the fine beam 29x29 filter. There were generally more false positives
than false negatives in both beam modes. This is due to small areas of woodland showing higher

backscatter at the time of the flood, and possibly some spread of high backscatter signal.
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Figure 5-5 Accuracy Results from Area Intersection Analysis

Kappa coefficient is a statistical measure to calculate the probability of the results appearing by
chance. In this instance, the kappa coefficient value was shown to be 0.40 for fine beam mode,
and 0.35 for standard beam mode. Following the determinations of Landis and Koch (1977), this
shows that there is a fair agreement between the radar-derived change in backscatter signal, and

the flood validation layer, and that it is unlikely to have occurred by chance.
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Figures 5-6 and 5-7 show the graphical results of the area intersection analysis, with green as
flood agreement, black as non-flood agreement, red as false negatives, and yellow as false
positives. Although the accuracies above are an average for the whole classification area, the
results are seen to be spatially variable. Starting to suggest reasons for this variability will help

determine under what conditions flood may be able to be detected using the change in

backscatter.

M Mo Flood agree
[CIFalse positive
M False negative
I Flond agres

Figure 5-6 Area-based Intersection Matrix of Fine Beam Radar Signal and Validation Dataset
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Figure 5-7 Area-based Intersection Matrix of Standard Beam Radar Signal and Validation Dataset
5.2.1 Fine Beam Mode

Considering figure 5-6, the flooded area, area A generally showed good agreement. There were
some false negative areas, however. This is thought to be due to the difference in dates (two
days) between acquisition and validation data, and the recession of the flood within that time.
Further false negatives were seen at point 2. Figures 5-8a and b expand this area, and show two
major factors contributing to this area of misclassification, i.e., the railway which was not seen to
give an increased backscatter at the time of the flood, and an area of completely destroyed
buildings. High-residential areas around these features give an increased backscatter response
and are correctly classified as flood. Both of these findings give empirical evidence that

residential buildings are an important factor in the increase in backscatter seen.

The saturation area (B) showed generally good agreement apart from a small area of false
positive response (marked as 3 in figure 5-6) and an area of false negative marked 4. These
effects were introduced in sections 4.4.2 and 5.1 and are caused by saturation and a change in

building configuration, respectively.

Areas C contains areas of high backscatter associated with flooded areas, but also shows a lot of

areas where this increase was not seen so strongly, resulting in false negatives. Considering
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figure 5-8c it is apparent that most of the difference in backscatter is coming from the center of
blocks of streets. Roads and houses on the periphery of these blocks are less likely to have a
strong difference in response. But the pattern of results is complex, and needs further
investigative work to understand the relationship between different urban parameters and the
change in backscatter. The false positive (yellow) in areas C and D comes from areas of
woodland which not masked out by the urban mask. They were seen to be badly damaged by the
storm surge (see figure 5-8d). These areas were certainly flooded as is shown by the SPOT
validation from the 2™ September. It is possible that the radar is better at picking up flooded
forest than the Landsat data, so this may not necessarily be a misclassification. Other reasons
may be the change in structure of the destroyed forest, perhaps due to decay and clearing
between the 9" September (during) and the 13 April (after) radar imagery. As the purpose of

this paper was to examine radar change within urban areas, this area was not investigated further.

Area D again shows a complex mixed response. The area marked 7 was introduced in figure 5-
8b and gives a false negative due to completely destroyed buildings in this area. Figure 5-8e
shows the relatively clear division between an area where buildings are moved from their

foundations or destroyed, and the intact buildings giving an increased backscatter signal.
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(e)

Figure 5-8 Misclassification in Various Areas. (a) Area A Showing an Area of Train, (b) Area
A Showing Destroyed Buildings, (c) False Negatives Found in Area C, (d) Forest Area
Destroyed which Shows as False Positives, (¢) Area D Showing Correlation between Destroyed
Buildings and Intact Buildings, and Increase in Backscatter (green) and False Negatives (red),
(f) Industrial Area Falsely Classified as a Flood Area

Most of area E shows good non-flood agreement. Area F contained areas showing a large drop in
decibel values at the time of the flood. These are mainly from open park and land areas. These
were not encapsulated in the change detection methodology, to concentrate on urban increase in

backscatter effects, and so show up as false negatives.
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5.2.2 Standard Beam Mode

Examining figure 5-7, standard beam mode generally showed the same patterns of response as
fine beam mode. The false negative at area A thought to be due to flood recession is not seen
here, as the validation and the radar were acquired on the same day. However, instead, a small
area of false positive (detected flood where there was not flood) was encountered (marked 8 on
figure 5-7). This is an industrial area (figure 5-8f). This area could, therefore, be related to the

spread of increased backscatter values resulting in a misclassification by the radar.

Less saturation effect was seen around area B than the fine beam mode. This is probably
correlated to the difference in range identified in figure 4-5. Mixed results are seen at area C and
D, however there is more extensive false negative results seen from the Standard beam mode
than fine beam mode. Again this is probably correlated to the difference in range identified in

figure 4-5.

Compared with fine beam mode, false positives are not seen in these areas. This shows that the
forested areas were flooded at this time. Some false positives were seen at area F however,
which again correlate to forested areas which were not totally masked out. All these areas were

affected by the hurricane and resemble figure 5-8b.

In summary, validating the results showed an overall fair agreement with optically derived
validation. Fine beam mode results gave greater accuracy than standard beam mode results for
both delineating a flood boundary, and comparing flood area. Accuracies were seen to be class
related. Non-flood was classified very well, whereas the accurate assignment of a flood class
from high backscatter values was seen to depend on spatial variability. Areas generally
consisting of high-density residential structures gave better results than areas of relatively
generously spaced vrban layout interspersed with parks and open space. Generally, a high
backscatter change was not seen in areas where buildings had been completely destroyed. Other
factors that were empirically seen to affect the signal were street and block alignment, and

building type. These factors need further investigation.
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SECTION 6
KEY FINDINGS AND FUTURE WORK

Image processing techniques and GIS analysis were utilized to explore the general characteristics
of the flooded urban environment using radar. Using multi-temporal change detection methods,
it was found that urban areas affected by flooding showed increased backscatter at the time of the
flood. As a result of this, a flood boundary could be delineated and a threshold analysis

undertaken to examine the spatial extent of the flood.

When manually delineating a flood boundary from the filtered imagery, fair agreement was
found with optically-derived boundaries. 58% of fine-beam radar derived boundaries fell within

150m of the optically derived data, and 82% fell within 550m.

The optimum results were gained from fine beam mode, demonstrating that 58% of the radar
derived boundaries fell within 150m of the optically derived data, and 82% fell within 550m. A
second analysis used an area-based contingency matrix method to compare radar classified flood
with the validation layers. The most accurate result was obtained using fine beam mode imagery
with large window size filtering. Results show user accuracies of 56% for flooded and 84% for
non-flooded regions, and producer accuracies of 55% and 81% for flood and non-flood classes

respectively.

Considering the area-based analysis, validation showed that this result had a fair statistical
significance. The most accurate result was obtained using fine beam mode imagery with large
window size filtering. Results show user accuracies of 56% for flooded and 84% for non-
flooded regions, and producer accuracies of 55% and 81% for flood and non-flood classes
respectively. It is a fair assumption that this relationship did not occur by chance, as a calculated
kappa coefficient was recorded at 0.40. Very good agreement was found in areas of non-flood,
showing that the change detection methodology was valid. Within areas affected by flood,

spatial variability was experienced.

Considering empirical evidence comparing classification results and visual analysis, differences

in accuracy were not straightforward. Many factors are thought to be involved. Firstly, some
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small areas of forest and wetland were not completely removed from analysis by the urban mask,
leading to some false positives from loss of coherence. Park areas, car parks, railways and other
transport structures did not usually have high backscatter values attached to them. Many of these
areas are fairly open and flat. It was more likely that flooded areas in these classes have a
specular response to radar, leading to a decrease in dB values at the time of the flood. Within
intact residential areas, variability in the correlation between high backscatter and flood was seen.
Empirically, this seemed to be related to urban parameters such as building size, density of
buildings, and orientation of buildings. Particularly pertinent evidence for the importance of
residential structures in the signal response came from examples where complete destruction of
buildings led to areas of false negative response. Industrial areas were more likely to show a

false positive response.

As well as classification differences due to land cover and urban structure, a few non-scene
related issues were encountered. Firstly the ADC processing undertaken by Radarsat before
receipt of imagery, and in particular the AGC process lead to saturation of very high backscatter
values in a particular area in central New Orleans where the street orientation was almost

perpendicular to the oncoming radar beam. This led to some small misclassification areas.

Secondly, the validation datasets come with their own assumptions. In particular, differences in
resolution, derivation method and date can lead to discrepancies in classification which may not

always be false.

It is difficult to compare the accuracy of the method with other similar studies; as mentioned in
the introduction radar is not generally used inside urban areas to detect flood because of
confounding double bounce effects. As far as the author is aware, no studies have examined the
accuracy of this method before. It should be remembered that this is only one study. Capturing
radar imagery from other large scale urban floods will be highly recommended to repeat these
observations for other areas. However, it can be said that urban flood monitoring by radar has not
been demonstrated to be as accurate as expert interpretation of high-resolution optical satellite or
aerial imagery, or ground based measurements. Its main advantage is that it can be explored if

cloud cover means that optical imagery is not available. In this case it may be the best method
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for quick evaluation of flooding in a large urban area, and it is for this purpose that the research
is important. Flood mapping by radar outside of urban areas, where water gives a specular dark
response, is well established. This preliminary work strongly suggests that it is also worth

investigating the radar response inside urban areas, and should not be dismissed out of hand.

It is clear that the radar beam interacts with urban areas in a complex way, making the response
complicated and seemingly random at times, and is less instinctive to interpret than optical
imagery. The beam manifests as a series of pathways from the radar (which do not come in at a
nadir angle). Once through the atmosphere, they are affected by the sizes, angles, composition
and roughness of objects on the surface they hit. They can be scattered in many directions. Some
of these beams bounce back in a favourable way (i.e. back towards the sensor on the satellite)
and it is these beams which we can interpret. One way of minimizing this complex scatter, as
used in this study, is to concentrate on differences between two responses in a single area from
different times, using the same acquisition parameters. Therefore major differences in the
composition of the scatter are often due to the actual physical differences on the surface that the
radar hits. However the nature of the beam means that random scatter, and phase interactions can
still complicate the picture. Along with this automatic gain control at the satellite mean that

comparison should still be done with caution.

Assuming that acquisition parameters are similar, it is important to get temporally close images,
so that extraneous variation is minimized (for instance changes to vegetation growth, or building

work).

It is clear that much future work needs to be undertaken. There are a few key areas to be
explored. First is the image acquisition specifications. It would be interesting to explore raw
SAR data without AGC processing, so that the beam response can be better matched between
different beam modes. This can also help avoid saturation signals in images where a large
amount of backscatter is being reflected, allowing more detailed study. Secondly, more work
needs to be undertaken in order to investigate exactly how urban parameters change backscatter
values, as even in the non-flood case these are not fully understood. Modelling urban areas and

radar signals to investigate changes in response at different angles, with different beam
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parameters will allow a deeper understanding of the fundamental responses in these complex

arcas.

Only when this is known can we really understand how the addition of flood water may change
those backscatter values. In this case it is suggested that different water depths are modeled, and
backscatter response monitored to investigate relationships between water depth, height of
buildings, and radar beam interactions. The layout and size of roads, street furniture (i.e.
lampposts) and spaces within the city (i.e. car parks, parklands) are all further variables which

can be investigated.

Finally it is hoped that the continuing capture and archiving of flood events over urban areas by
radar will enable further research to validate models produced. A number of test cases would
allow a more comprehensive understanding of radar beams in a variety of urban settings, and the

similarities and differences in each case.

In conclusion, this preliminary research shows potential for further research into an area

previously discounted.
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