
Remote Sensing of Floods and Flood-Prone Areas: An
Overview

Author: Klemas, Victor

Source: Journal of Coastal Research, 31(4) : 1005-1013

Published By: Coastal Education and Research Foundation

URL: https://doi.org/10.2112/JCOASTRES-D-14-00160.1

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Journal-of-Coastal-Research on 03 May 2024
Terms of Use: https://bioone.org/terms-of-use



REVIEW ARTICLES

www:cerf -jcr:org

Remote Sensing of Floods and Flood-Prone Areas: An Overview

Victor Klemas

School of Marine Science and Policy
University of Delaware
Newark, DE 19716, U.S.A.
klemas@udel.edu

ABSTRACT

Klemas, V., 2015. Remote sensing of floods and flood-prone areas: An overview. Journal of Coastal Research, 31(4), 1005–
1013. Coconut Creek (Florida), ISSN 0749-0208.

River floods and coastal storm surges affect the lives of more people than most other weather-related disasters. Floods
can destroy homes, roads, and bridges; tear out trees; cause mudslides; and take many human lives. During flooding,
timely and detailed situation reports are required by disaster management authorities to locate and identify affected
areas and to implement damage mitigation. Remote sensing systems on satellites and aircraft can provide much of the
required information for delineating the flood-affected areas, assessing the damage, and feeding models that can predict
the vulnerability to flooding of inland and coastal areas. In this article, I provide an overview of remote sensing and
modeling techniques for forecasting the vulnerability to flooding of an area, determining the extent and intensity of the
flooding, and assessing the damage caused by the flood.

ADDITIONAL INDEX WORDS: Flood remote sensing, coastal flooding, storm surge, river flooding, flooding
vulnerability, flood damage assessment.

INTRODUCTION
In the long term, floods kill more people in the United States

than other weather-related events. Floods can destroy build-

ings, roads, and bridges; tear out trees; devastate agriculture;

cause mudslides; and threaten human lives (NOAA/NWS,

2005). Floods are difficult to monitor on large scales, because

they are determined by local conditions such as precipitation,

slope of terrain, drainage network, protective structures, land

cover, and other factors. Each river or coastal area must be

monitored at different places along its course. Some flood

disasters happen annually, yet others can occur unexpectedly

(De Groeve, 2010; Harman et al., 2014).

Once a river reaches flood stage, the flooding severity

categories used by the National Weather Service (NWS)

include minor flooding, moderate flooding, and major flooding.

Minor flooding produces minimal or no property damage, but

some public threat or inconvenience. Moderate flooding causes

some inundation of structures and roads near streams, and

some evacuation of people may be necessary. Major flooding

causes extensive inundation of structures and roads, and

significant evacuations of people and transfer of property to

higher elevations may be required.

In the United States for each NWS river forecast location,

flood stages associated with each of the NWS flood severity

categories have been established in cooperation with local

public officials. Increasing river levels above flood stage

constitute minor, moderate, and major flooding. Effects vary

from one river location to another, because a certain river stage

(height) above flood stage in one location may have an entirely

different effect than the same level above flood stage at another

location (NOAA/NWS, 2005).

Flash floods are a serious danger for many people and

develop when water rises rapidly along a stream or low-lying

area. They are usually of short duration and with a relatively

high peak discharge. Many people living on a flood plain are

unaware of the danger they face, especially in urban settings

(Coulibaly, 2008). Flash flood damage and most fatalities occur

mainly in areas close to a stream or arroyo from a combination

of heavy rain, dam break, levee failure, or rapid snowmelt.

Flash floods are usually produced when slow-moving or

multiple thunderstorms occur over the same area. When

storms move faster, flash flooding is less likely because the

rain is distributed over a broader area. Steep hills produce

rapid runoff and quick stream response. Steep narrow valleys

generate rapidly flowing waters that can rise quickly to a

considerable depth (NOAA/NWS, 2005).

Seawater can inundate coasts in several different ways.

Direct inundation occurs when sea height exceeds the elevation

of the land, usually where there is no natural barrier such as a

dune system. Natural or human-constructed barriers, such as

levees, may be overtopped by swell conditions during storms or

unusually high tides. Barriers may be breached, especially on
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open stretches of the coast. As water flows over the top of the

barrier, high-velocity flows can result that erode significant

amounts of the land surface and undermine the defense

barriers (Doorncamp, 1998; Ramsay and Bell, 2008; Wikipedia,

2014).

Coastal storm surges can cause major destruction and loss of

life. Storm surges develop when water is pushed toward the

shore by the force of a storm’s wind. Horizontally, the surge can

fan out over several hundred miles of coastline. In general, the

more intense the hurricane and the closer a community to the

right-front quadrant, the larger the area that must be

evacuated. Vertically, the surge can reach heights of more than

6 m near the center of a Category 5 hurricane. Furthermore, the

astronomical tide can add up to 1 m to the storm surge. Such a

surge of high water, combined with high tides and torrential

rains, in addition to battering waves, can be devastating to any

coastal community (Harman et al., 2014; Klemas, 2009; Morton

and Barras, 2011). In addition to urban communities and

beaches, nearly 100,000 km of coastal roadways are in the 100-

year floodplain in the United States, including many that are

exposed to water surges and storm waves generated by

hurricanes (Chen et al., 2007; Harman et al., 2014).

For regional or nationwide use in coastal flood hazard

analysis, attempts have been made to define a generic flood

stage (FS) as an elevation at which significant flooding of local

infrastructure is initiated (Kriebel and Geiman, 2014). By

using monthly tidal gauge data from several coastal locations, a

coastal FS based on the statistics of extreme high water events

has been proposed. This statistical FS can then be compared

with moderate and major FS values established by the NWS

with good agreement. Once adopted, the FS would serve as a

less ambiguous reference elevation or threshold to which the

flooding potential of future storm events and sea level rise can

be compared and would allow for consistent comparisons

between different sites (Kriebel and Geiman, 2014).

Flooding and windstorms have been linked with climate

change, and the number of disastrous floods and storms

reported globally has tripled over the past three decades.

Heavy precipitation has increased sharply in the last half

century in many parts of the globe, including the Northeast and

Midwest of the United States. Coastal communities in

particular are facing a rising sea level, caused mainly by global

warming (Church et al., 2010). A scientific consensus states

that, as average temperatures increase worldwide, sea levels

will continue to rise globally. Many scientists believe that

because of melting glaciers and expanding ocean water, the sea

level rise will accelerate in the future (IPCC, 2007). Since 1993,

satellite observations have permitted more precise calculations

of global sea level rise, now estimated to be 3.1 6 0.7 mm/y over

the period 1993–2003. The Intergovernmental Panel on

Climate Change (IPCC) estimates global mean sea level rise

from 1990 to 2100 to be between 9 and 88 centimeters. It also

predicted that with climate change there may be an increase in

the intensity and frequency of storm events such as hurricanes.

Thus coastal flooding from storm surges may become more

frequent with sea level rise (Cazenave and Llovel, 2010;

Church et al., 2010).

The substantial sea level rise and more frequent storms

predicted for the next 50–100 years would affect coastal cities

and roads, coastal economic development, beach erosion control

strategies, salinity of estuaries and aquifers, coastal drainage

and sewage systems, and coastal wetlands (Cazenave and

Llovel, 2010; Doorncamp, 1998; NOAA, 1999).

During flooding, timely and detailed situation reports are

required by disaster management authorities to locate and

identify the affected areas and to implement the required

damage mitigation. This critical management function in-

volves rescue operations and the safety of people and property

(Haq et al., 2012; Ogashawara, Curtarelli, and Ferreira, 2013).

Traditionally, coastal flooding due to hurricanes has been

estimated by measured water levels on buoys and coastal

gauges. Although these monitoring networks provide good

historical data for coastal flooding, they lack spatial informa-

tion because of the limited number of stations over many large

areas. For the past few decades, optical and radar remote

sensing systems on satellites and aircraft have been able to

provide much of the required information for mapping the

extent of a flood, assessing the damage, and feeding models

that can evaluate the vulnerability to flooding of various inland

and coastal areas.

The objective of this article is to provide an overview of

remote sensing and modeling techniques that enable scientists

and managers to evaluate the vulnerability of an area to

flooding, determine the extent and intensity of the flooding, and

assess the damage caused by the flooding event.

REMOTE SENSING OF FLOOD EXTENT
Conventional hydrological monitoring systems have limited

use in flood forecasting, mapping, and emergency response. For

large countries the cost of maintaining rain and stream

gauging stations can be a limiting factor. Stations out of

service can cause gaps in the hydrographic time series. Rivers

are often shared between countries, but information on floods

in upstream countries is not always communicated to down-

stream countries. For adequate flood warning, countries need

to be able to collect information across borders independently.

Furthermore, gauging stations measure water height, but not

the extent of the flood. Remote sensors on satellites and aircraft

can provide data to meet these requirements.

The availability of multitemporal satellite data allows

monitoring flooding over large coastal areas. Aerial reconnais-

sance has been effective for determining the spatial extent of

coastal and river flooding in detail for relatively small areas

(Jensen, 2007; Klemas, 2013; Puech and Raclot, 2002; Webster

et al., 2004). Aircraft equipped with state-of-the-art high-

resolution digital cameras, like the ADS40, are often used for

detailed mapping of flooded coastal areas or rivers. Generally,

for flood mapping, two sets of remotely sensed data are

required: one set comprising data acquired before the flood

event and the other obtained during the flood occurrence

(Wang, Colby, and Mulcahy, 2002). The image before the flood

is usually used as a reference. These data can be used to map

inundation areas and delineate flood boundaries. Field mea-

surements can be integrated with remote sensing measure-

ments from aircraft or satellites to observe changes in surface

water extent and obtain other hydrologic information. River

discharge estimates can be obtained using high-resolution
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satellite data and a few ground measurements (Brivio et al.,

2002; Reid, Tissot, and Williams, 2014; Smith, 1997).

Optical Remote Sensing of Flood Extent
Both optical and microwave remote sensors are used in flood

inundation monitoring. Optical sensors detect energy naturally

reflected or emitted by the earth’s surface in visible and

infrared spectral bands. Where clouds, trees, and floating

vegetation do not obscure the water surface, high-resolution

visible/infrared sensors provide good delineation of inundated

areas. Near-infrared imagers are especially effective, because

the near-infrared spectral bands are strongly absorbed by

water, yet reflected by land. In addition to airborne sensors,

both medium-resolution (e.g., Landsat Thematic Mapper [TM])

and high-resolution (e.g., IKONOS) satellite multispectral

sensors are used (Brivio et al., 2002; Dewan, Kumamoto,

Nishigaki, 2006; Frazier and Page, 2000; Hussain et al., 2011;

Jain et al., 2005; Ngiem et al., 2000; Sanyal and Lu, 2004;

Wang, 2004). For example, Brakenridge and Anderson (2006)

used Moderate-Resolution Imaging Spectroradiometer

(MODIS) data for major flood detection, mapping, and

measurement in the United States and Europe.

The Mississippi and Missouri River flood of 1993 presented a

great opportunity to show the value of satellite sensors for

mapping large flooded areas. The flood occurred along the two

rivers and their tributaries from April to October of 1993 and

became one of the most costly and devastating disasters, with

tens of billions of dollars in damages and at least 32 fatalities.

In St. Louis the river levels were nearly 6 m above flood stage.

and the 16-m-high St. Louis Floodwall was able to keep the

1993 flood out with only 0.6 m to spare. NASA used the TM

onboard the Landsat 5 satellite to map the flooded area during

and before the flood. The image pair in Figure 1 shows the area

around St. Louis, Missouri, on August 1991 and 1993,

respectively (NASA/EO, 2005). The 1993 image was captured

slightly after the peak water levels in this part of the

Mississippi River. Flood waters had started to recede, but

remained well above normal. These false color images were

created by combining infrared, near infrared, and green

wavelengths of light observed by the TM (bands 5, 4, and 2,

respectively). In Figure 1, water is shown as dark blue, healthy

vegetation is green, bare fields and freshly exposed soil are

pink, and concrete is grey. The scale of flooding in the Illinois,

Missouri, and Mississippi Rivers in 1993 was immense. The

deep pink scars in the 1993 image show where flood waters

have retreated to reveal the scoured land (NASA/EO, 2005).

Wang, Colby, and Mulcahy (2002) developed an efficient and

economical approach for mapping flooding extent in a coastal

floodplain. The method is based on the reflectance features of

water vs. nonwater targets on a pair of Landsat 7 TM images

obtained before and during the flood event, as well as modeling

inundation using digital elevation model (DEM) data. Incor-

poration of the DEM data into the analysis was necessary

because the TM data had difficulty detecting flooded areas

beneath dense vegetation canopies, resulting in low flooded

area numbers. The DEM data helped significantly in identify-

ing the flooding that occurred underneath forest canopies,

especially within bottomland forest and hardwood swamps.

With the use of limited ground observations, most flooded and

nonflooded areas derived from this analysis were verified. One

of the limitations of integrating DEM data with TM data for

flood mapping is that river gauge readings have to be used to

inundate the DEM (Wang, Colby, and Mulcahy, 2002).

A unique application of optical remote sensing for mapping

flooded areas is presented by Ogashawara, Curtarelli, and

Ferreira (2013). They used the Difference of Normalized

Difference Water Indices (DNDWI) derived from two medi-

um-resolution Landsat 5 TM surface reflectance products from

the Landsat climate data record, acquired before and after the

passage of Hurricane Ike through Texas in September 2008.

They used as end members a classification of estimated flooded

area based on the U.S. Geological Survey mobile storm surge

network that was deployed for Hurricane Ike. A dataset

consisting of 59 water level recording stations was used. The

flooded areas were delineated using DNDWI with a threshold

analysis method. A DEM was used for obtaining the topogra-

phy of the region. The results showed that the difference of the

DNDWI between flooded and unflooded areas was large enough

to be exploited for mapping flooded areas. Mapping flooded

areas with DNDWI gave an accuracy of 85.68%, whereas the

unflooded areas had an accuracy of 92.13%. The authors

Figure 1. Landsat 5 TM false-color images of the 1993 Mississippi and

Missouri flood. The upper image was taken in August 1991 (before the flood),

and the lower image was obtained in August 1993 (during the flood). Water

appears dark blue, healthy vegetation is green, bare fields and freshly

exposed soil are pink, and concrete is grey. Viewing each image from the top

down, the rivers are the Illinois, the Mississippi, and the Missouri. Credits:

NASA Earth Observatory (NASA/EO, 2005).
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observe that additional spectral behavior studies are needed to

explain the relationship between water content and vegetation

spectral response in flooded areas.

Microwave Remote Sensing of Flood Extent
Active microwave sensors, such as synthetic aperture radar

(SAR), provide their own illumination and record the amount of

incident energy returned from the imaged surface. SAR can

penetrate clouds, emergent aquatic plants, and forest canopies

to detect standing water (Brivio et al., 2002; Horritt, Mason,

and Luckman, 2001; Lawrence et al., 2005; Townsend, 2002).

Cloud penetration is particularly important for monitoring

flood events because they commonly occur during hurricane-

related flooding or periods of extended rainfall (Kiage et al,

2005; Stevens, 2013; Townsend and Walsh, 1998). Discrimina-

tion of inundated areas can be optimized by selecting the most

suitable polarization of the radar waves.

Henry et al. (2006) compared the Envisat advanced SAR

(ASAR) with the performance of the SAR system on ERS-2 to

evaluate the contribution of polarized configurations to flood

boundary delineation. The ASAR instrument was activated in

the alternating polarization and image modes, providing high-

resolution data sets. They observed that HH polarization

provides a more suitable discrimination of flooded areas than

HV or VV. However, HV improved the existing HH data and

proved to be an important contributor to flood detection. VV

polarized data was highly influenced by surface roughness

conditions.

Consequently, an alternating polarization precision image,

using like- and cross-polarization, seemed to constitute a better

image for flood mapping than a monopolarized image,

especially if a rapid mapping response is required (Baghdadi

et al., 2001; Henry et al., 2006; Ngiem et al., 2000). Ramsey et

al. (2012) presented a summary of the limitations and

potentials of satellite imagery to monitor and map coastal

flooding for Hurricanes Gustav and Ike (2008), demonstrating

that the correspondence between ground data and ASAR-based

flood mapping ranged from 86% to 96% for water levels .0.8 m.

Some scientists have used both radar and optical remote

sensors to monitor flood inundation. For example, Mallinis et

al. (2011) developed and validated three object-based classifi-

cation approaches using Envisat/ASAR and multitemporal

Landsat TM data for flood area delineation. The accuracy

assessment of the classification results was based on air photo

interpretation and an area-based comparison with official flood

maps. The bilevel object-based model using the normalized

difference water index and the original postflood TM bands

attained 92.67% overall accuracy in inundated area detection,

whereas the Envisat/ASAR classification was the least accu-

rate (85.33%), probably because of the lower spatial resolution

of the ASAR image. Strong agreement (92.14%) was found

between the Landsat flood extent and the official flood maps.

The authors suggest that their method could be used in flood

crisis management (Mallinis et al., 2011).

Radar altimeters can directly measure flood stage variations

in large rivers (Calmant, Seyler, and Cretaux, 2008; Smith and

Pavelsky, 2009). Satellite altimetry has also been used to

investigate seasonal, interannual and space-time variability of

the water levels of large lakes and coastal areas (Cazenave et

al., 1997). Radar scatterometer data from satellites such as

QuikSCAT have been used to detect changes in surface water

area with frequent global coverage (Brakenridge et al., 2003).

Airborne light detection and ranging (LIDAR) can determine

water depths of inundated areas (Klemas, 2011).

De Groeve (2010) describes the use of passive microwave

observations to detect, map, and size floods. Floods were

detected as early as 2 hours after they occurred. Early

warning was possible by monitoring upstream areas, with

warning lead times up to 30 days. The flood maps were of low

resolution but matched maps derived from high-resolution

imagery. The daily availability of the data allowed a better

understanding of the dynamics of the floods and objective

flood sizing by integrating information over time and space.

The results of this technique were used to study the 2009

floods in southern Africa and the 2010 flood season in

Namibia (De Groeve, 2010).

FLOOD DAMAGE ASSESSMENT
Aerial photography has been used for .60 years to inspect

flood damage to urban and coastal areas (Myers and Miller,

2005; Smith et al., 2007). For example, the flood damage caused

by Hurricane Katrina in New Orleans in 2005 was mapped

using a multidata approach, including airborne and satellite

sensors (ASCE, 2007; Hill, 2012; Klemas, 2013; Waple, 2005).

Satellite remote sensing techniques have expanded the scale

for viewing flood damage and provide better identification of

damage location and severity. For example, remotely sensed

data has been used in a GIS to locate and identify flood-affected

areas along with land use/land cover features. This method

used processed satellite images that were then overlaid with

population density data and land use/land cover maps for

damage estimation. This approach required only a few hours

and showed the capability to carry out rapid damage

assessment (Haq et al., 2012).

Flood damage assessment can benefit from remote sensing

imagery at both medium resolution (20–250 m) and high

resolution (0.5–4 m). Medium-resolution imagery is used to

assess the overall damage of flooding over large areas, such as

coastal wetlands or entire city blocks, and can be obtained with

satellite multispectral/hyperspectral or radar imagers (Giani-

netto, Villa, and Lechi, 2006; Ramsey et al., 2012; Shan et al.,

2009).

A good example of a medium-resolution application is

presented in Figure 2, which shows an image of the Texas

coast captured by the MODIS sensor on NASA’s Terra satellite

13 days after Hurricane Ike made landfall on September 13,

2008. The storm’s surge covered hundreds of kilometers of the

Gulf Coast because Ike was a large storm, with tropical storm–

strength winds stretching more than 400 km from the center of

the storm. Most of the shoreline in this region is coastal

wetland. One can clearly distinguish the red-brown areas on

land, which are the result of the massive storm surge that Ike

pushed far inland over Texas and Louisiana, causing a major

marsh dieback. The salty water burned the plants, leaving

them wilted and brown. In Figure 2, the brown line corresponds

with the location and extent of the wetlands. North of the

brown line, the vegetation gradually transitions to pale green

farmland and dark green natural vegetation untouched by the
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storm’s surge. The powerful tug of water returning to the Gulf

also stripped marsh vegetation and soil off the land. Therefore,

some of the brown seen in the wetlands may be deposited

sediment. Plumes of brown water are visible as sediment-laden

water drains from rivers and the coast in general. The muddy

water slowly diffuses, turning pale green, green, and finally

blue as it blends with clearer Gulf water (NASA/GSFC, 2010;

Ramsey and Rangoonwala, 2005).

To map the flooding in New Orleans and its vicinity caused by

hurricane Katrina, a multidata base approach was used

(ASCE, 2007; Klemas, 2009; Wikipedia, 2008). The map was

created by incorporating SAR and other images acquired

during the flood with a preflood Landsat-enhanced TM image

mosaic. The ability of SAR to penetrate clouds and vegetation

cover made it quite useful for flood mapping. Also, SAR

provided information on urban damage that complemented

the spectral information from optical multispectral imagers,

such as Landsat TM and other satellites. The Landsat TM and

other remotely sensed images gave emergency managers and

coastal engineers a clear view of inundated areas and helped

plan pumping and other recovery efforts.

High-resolution imagery provided by airborne cameras or

high-resolution satellite imagers is used to determine the

detailed damage to structures such as houses, roads, and

levees (Table 1). For example, sections of levees designed to

channel canals through New Orleans crumbled under the

battering waves and storm surge of hurricane Katrina. The

breaks allowed water to flow from Lake Pontchartrain into

New Orleans, inundating the city (Hill, 2012). The levee

breaks, with water rushing into the city, could clearly be seen

in high-resolution satellite imagery, such as IKONOS and

QuickBird (Table 1). On August 31, 2005, the QuickBird

satellite captured images of two levee breaks, as shown in

Figure 3. The top image shows the 240-m-long breach in the

levee along the Industrial Canal in East New Orleans. Water

is pouring through a break in the canal in the lower half of the

image. The streets on the opposite side of the Industrial

Canal are also flooded, because of similar breaches in canals

to the west.

The lower image in Figure 3 shows the 145-m-long breach in

the 17th Street Canal in West New Orleans. Water is flooding

the areas on the east side of the canal (top), but not the west

side (bottom). The enlarged version of this image also shows

widespread debris scattered across dry areas. Satellites,

aircraft, and helicopters provided valuable imagery showing

damaged bridges, highways, port facilities, oil rigs, and other

coastal infrastructure (Digital Globe, 2009; Hill, 2012; NASA,

2005). To assess the hurricane damage to the levee system, the

Army Corps of Engineers used topographic data obtained with

a helicopter-mounted LIDAR sensor over the hurricane

protection levee system in Louisiana. This information was

very valuable for planning specific repairs and general

reconstruction efforts.

Figure 2. The moderate-resolution imaging spectroradiometer (MODIS) on

NASA’s Terra satellite captured this image on September 26, 2008, 13 days

after Hurricane Ike came ashore. The brown areas in the image are the

result of a massive storm surge that Ike pushed far inland over Texas and

Louisiana, causing a major marsh dieback. Credits: NASA (NASA/GSFC,

2010).

Table 1. High-resolution satellite parameters and spectral bands (DigitalGlobe, 2009; Orbimage, 2003; Parkinson, 2003; Space Imaging, 2003). n/a ¼not

available.

IKONOS QuickBird OrbView-3 WorldView-1 GeoEye-1 WorldView-2

Sponsor Space Imaging DigitalGlobe Orbimage DigitalGlobe GeoEye DigitalGlobe

Launched September 1999 October 2001 June 2003 September 2007 September 2008 October 2009

Spatial resolution (m)

Panchromatic 1.0 0.61 1.0 0.5 0.41 0.5

Multispectral 4.0 2.44 4.0 n/a 1.65 2

Spectral range (nm)

Panchromatic 525–928 450–900 450–900 400–900 450–800 450–800

Coastal blue n/a n/a n/a n/a n/a 400–450

Blue 450–520 450–520 450–520 n/a 450–510 450–510

Green 510–600 520–600 520–600 n/a 510–580 510–580

Yellow n/a n/a n/a n/a n/a 585–625

Red 630–690 630–690 625–695 n/a 655–690 630–690

Red edge n/a n/a n/a n/a n/a 705–745

Near infrared 760–850 760–890 760–900 n/a 780–920 770–1040

Swath width (km) 11.3 16.5 8 17.6 15.2 16.4

Off-nadir pointing 6268 6308 6458 6458 6308 6458

Revisit time (d) 2.3–3.4 1–3.5 1.5–3 1.7–3.8 2.1–8.3 1.1–2.7

Orbital altitude (km) 681 450 470 496 681 770
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ASSESSING VULNERABILITY TO FLOODING
Accurate determination of vulnerability to flooding is critical

to habitat conservation, littoral boundary definition, and

coastal protection planning. Flood vulnerability prediction

systems can also help mitigate a variety of flood-induced

hazards. Typically such systems require implementation and

calibration of a hydrologic model using in situ observations (i.e.

rain and stream gauges). The output of a typical hydrodynamic

model provides georeferenced predictions that can be used to

delineate a wet/dry boundary (Li, Lin, and Burks-Copes, 2013;

Mason, Bates, and Amico, 2009; Reid, Tissot, and Williams,

2014; Townsend and Walsh, 1998).

The use of satellite remote sensing data in a model can

supplement in situ observations over vast ungauged regions,

delineate the extent of flooding, and identify areas vulnerable

to future flooding (Islam and Sado, 2002; Schumann et al.,

2009; Van Alphen et al., 2009). For example, Khan et al. (2011)

implemented a raster-based distributed hydrologic model,

coupled routing and excess storage (CREST) for the Nzoia

basin, a subbasin of Lake Victoria in Africa. Terra satellite–

based MODIS data and advanced spaceborne thermal emission

and reflection radiometer (ASTER) data were used to produce

flood inundation maps over the region. The maps were used to

benchmark the distributed hydrologic model simulations of

inundation areas. The analysis showed the value of integrating

satellite data such as precipitation, land cover type, topogra-

phy, and other products with space-based flood inundation

extents as inputs to the distributed hydrologic model. The

results confirmed that the quantification of flooding extent

through remote sensors can help to calibrate and evaluate

hydrologic models and, therefore, improve hydrologic predic-

tion and flood management strategies, especially in poorly

gauged catchments (Khan et al., 2011).

In coastal areas, storm-induced flooding and other damage

present a major problem because the coastal population

continues to increase rapidly and the sea level keeps rising.

For flood risk mapping from storm surge events, scientists have

used high-resolution satellite imagery and airborne LIDAR

data (Webster et al., 2004, 2006). A typical model used by the

National Oceanic and Atmospheric Administration (NOAA)

National Hurricane Center to estimate storm surge heights

and winds resulting from predicted or hypothetical hurricanes

is the sea, lake, and overland surges from hurricanes (SLOSH)

model. It takes into account the pressure, size, forward speed,

track, and winds of a hurricane. SLOSH is used to evaluate the

threat from storm surges, and emergency managers use these

data to determine which areas must be evacuated. SLOSH

model results are combined with road network and traffic flow

information, rainfall amounts, river flow, and wind-driven

waves to identify at-risk areas (NOAA/CSC, 2008).

The dynamical SLOSH model computes water height over a

geographical area or basin. The calculations are applied to a

specific locale’s shoreline, incorporating the unique bay and

river configurations, water depths, bridges, roads, and other

physical features. Computations have been run for a number of

basins covering most of the Atlantic and Gulf Coasts of the

United States and offshore islands. The typical SLOSH grid

contains more than 500 points located on lines extending

radially from a common basin center. The distance between

grid points ranges from 0.5 km near the center (where surge

water heights are of more interest) to 7.7 km in the deep water

at the edge of the grid. Bathymetric and topographic map data

are used to determine a water depth or terrain height for each

grid point. The model consists of a set of equations derived from

the Newtonian equations of motion and the continuity equation

applied to a rotating fluid with a free surface. The equations are

integrated from the sea floor to the sea surface. The coastline is

represented as a physical boundary within the model domain.

Subgrid-scale water features (cuts, chokes, sills, and channels)

and vertical obstructions (levees, roads, spoil banks, etc.) can be

parameterized within the model. Astronomical tides, rainfall,

river flow, and wind-driven waves have not been incorporated

into the model (NOAA/CSC, 2008).

The primary use of the SLOSH model is to define flood-prone

areas for evacuation planning. The flood areas are determined

by compositing the model surge values from 200 to 300

hypothetical hurricanes. Separate composite flood maps are

produced for each of the five Saffir-Simpson hurricane

categories. The SLOSH model can also be run with forecast

track and intensity data for a storm as it makes landfall.

Figure 3. QuickBird satellite images of New Orleans levee breaks. The top

image shows a 240-m-long breach in levees along the Industrial Canal

through which water is pouring. The lower image shows a 145-m-long breach

in the 17th Street Canal flooding the areas on the east side of the canal (top),

but the west side (bottom) remains dry (Digital Globe, 2009).
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Many other flood forecasting and flood risk management

models are being used by commercial firms and government

agencies. For example, the advanced Hurricane Storm Surge

Risk model from CoreLogic provides coastal risk management

by combining four datasets—storm surge flooding risk,

distance to coast, evacuation zones, and mainland configura-

tion. Even small companies can access the coastal risk data

layers, as well as other natural hazard risk assessments,

through a simple desktop system (Anonymous, 2014).

Sea level rise is expected to affect natural and urban areas by

shifting habitats and inundating infrastructure. Thus, it is

important to identify human and ecological vulnerabilities to

sea level rise. One of the models used to simulate the effects on

urban, developed lands, and environmental systems from sea

level rise is the sea level affecting marshes model (SLAMM). It

can be used to simulate land cover and land use change through

wetland migration under various sea level rise scenarios (e.g.,

sea level rises of 0.25, 0.50, 0.75, and 1.00 m in magnitude).

SLAMM predictions are being used for sustainable planning

under predicted climate conditions in the future (Linhoss et al.,

2014).

Validating a hydrodynamic model against field observations

is essential for evaluating model performance. Reid, Tissot, and

Williams (2014) present two geospatial methods that comple-

ment in situ point-based validation. The methods utilize the

coastal modeling system (CMS) hydrodynamic model and

ArcMap software. The techniques are applicable to calibrated

hydrodynamic models and can be applied independently or

together. Each method was validated with an extensive data

set available for tidal flats located along the Packery Channel,

Texas. The first method compared model predictions to the

observed conditions of high-resolution satellite and aerial

imagery, which were classified using one of two geospatial

processes. The second method applied the model output to

delineate the maximum flood extent and then compared the

predicted extent to topographic surveys, which define the true

time-dependent flood line. Analyses showed agreement be-

tween model predictions and classified imagery ranging from

69% to 91%. These methodologies expand capabilities to assess

and improve hydrodynamic model predictions, particularly for

delineating inundation in shallow coastal environments (Reid,

Tissot, and Williams, 2014).

SUMMARY AND CONCLUSIONS
Floods are among the most destructive natural disasters

around the globe affecting human lives and infrastructure.

During flooding, timely and detailed situation reports are

required by disaster management authorities to identify and

map the affected areas and to implement the required damage

mitigation. This is a critical management function because it

involves rescue operations and the safety of people and

property. Floods are difficult to monitor on large scales because

they are determined by local conditions such as precipitation,

slope of terrain, drainage network, protective structures, land

cover, and other factors. Conventional hydrological monitoring

systems during floods have limited use for flood forecasting,

mapping, and emergency response. Gauging stations measure

the water height, but not the extent of the flood. Furthermore,

maintaining a multitude of gauging stations can be a limiting

factor.

Optical and radar remote sensing systems on satellites and

aircraft have been able to provide much of the required

information for observing and delineating the flood-affected

areas, assessing the damage, and feeding models that can

evaluate the vulnerability to flooding of various inland and

coastal areas. These data can be used to map inundation areas

and delineate flood boundaries across national borders. Field

measurements can be integrated with remote sensing data

from aircraft or satellites to observe changes in surface water

extent and obtain other hydrologic information.

Where clouds and trees do not obscure the water surface,

high-resolution visible/infrared sensors provide good delinea-

tion of coastal inundated areas. Near-infrared imagers are

especially effective because near-infrared spectral bands are

strongly absorbed by water, yet reflected by land. Active

sensors, such as SAR, can penetrate clouds, emergent aquatic

plants, and forest canopies to detect standing water. Radar

altimeters can directly measure river stage variations in large

rivers. Airborne LIDAR can be used to determine water depths

of inundated areas.

Flood damage assessment can benefit from remote sensing

imagery at both medium resolution (20–250 m) and high

resolution (0.5–4 m). Medium-resolution imagery is used to

assess the overall damage of flooding over large areas, such as

coastal wetlands or entire city blocks, and can be obtained with

satellite multispectral/hyperspectral or radar imagers. High-

resolution imagery is used to determine the detailed damage to

houses, roads, levees, and other structures and is provided by

airborne cameras or high-resolution satellite imagers.

Flood vulnerability prediction systems help mitigate flood-

induced hazards. Typically such systems require implementa-

tion and calibration of a hydrologic model using in situ

observations (i.e. rain and stream gauges). Using satellite

remote sensing data in a model can supplement in situ

observations over vast ungauged regions and delineate the

extent of the flooding. Mapping the spatial extent of flooding

through remote sensors helps calibrate and evaluate hydro-

logic models and, therefore, improve hydrologic prediction and

flood management strategies, especially in poorly gauged

catchments.

Storm-induced coastal flooding presents a major problem as

the coastal population continues to increase and the sea level

keeps rising. A practical model used by the NOAA National

Hurricane Center to estimate storm surge heights and winds

resulting from predicted or hypothetical hurricanes is the

SLOSH model. It takes into account the pressure, size, forward

speed, track, and winds of a hurricane. SLOSH is used to

evaluate the threat from storm surges, and emergency

managers use these data to determine which areas must be

evacuated. SLOSH model results are combined with road

network and traffic flow information, rainfall amounts, river

flow, and wind-driven waves to identify at-risk areas.

In summary, remotely sensed data are increasingly being

used for flood extent mapping, damage assessment and

vulnerability prediction. Optical sensor data are readily

available at reasonable cost for extended areas and can be

used with available well-defined, robust data processing
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techniques. Optical sensors cannot penetrate clouds or vegeta-

tion cover. Effective and timely flood warning can be attained

with frequent radar observations of flood-prone areas through

cloud cover. However, radar data can be more expensive and

more difficult to interpret and analyze.
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