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Abstract: Tropical Storm Debby brought severe flooding to portions of southwestern Florida during
the summer of 2012. Remotely-sensed images were collected to document the flooding and test the
results of Hydrologic and Hydraulic (H & H) storm water models constructed by the Southwest
Florida Water Management District (SWFWMD). One image, a satellite, multi-band SPOT image was
provided to the SWFWMD by the Federal Emergency Management Agency (FEMA). This image was
collected within 48 h of the storm event. The SWFWMD also contracted for a very high resolution
(60 cm Ground Sample Distance (GSD)) fCIR image to be captured for selected watersheds in Citrus,
Hernando and Pasco counties, the areas most impacted by the flooding. Modeled floodplain results
were compared to remotely-sensed images that were georeferenced and analyzed using remote
sensing techniques. The higher resolution fCIR images more clearly identified flooding for better
comparison with modeled results. Although the fCIR images, which were collected three to four
days after the storm event, under predicted the overall extent of the modeled floodplain, as the
images could not confirm the presence of flooding in areas obscured by dense vegetation, they did
consistently confirm both the location and shape of flooding simulated by the model. By using image
analysis methods on the Near-Infrared (NIR) band of the fCIR image in conjunction with the Digital
Elevation Model (DEM), however, it was possible to identify the extent of flooding in those obscured
areas. Field surveys of high water elevations indicated that many locations had receded within
hours of the storm event, limiting the ability of the fCIR image from capturing peak flood level in all
areas. Overall, these remotely-sensed images provided a good validation of predicted flood levels for
a design storm of the magnitude of Tropical Storm Debby.
Keywords: storm water modeling; Tropical Storm Debby; model verification; high water marks;
aerial imagery

1. Introduction
Floods are a natural phenomenon that causes an average of about $6 billion in damages annually
(Sarmiento and Miller [1]). In some cases, flooding is expected, while in many others the public is
unaware of the risk and unprepared for the consequences. For decades, local, state and federal agencies
have worked to develop tools to accurately identify flood risk and to quickly respond to flooding
when it happens. Flood protection is one of the four major missions of the Southwest Florida Water
Management District (SWFWMD). Toward this mission, the SWFWMD cooperates with federal and
state entities, and local governments to develop Federal Emergency Management Agency (FEMA)
Digital Flood Insurance Rate Maps (DFIRMs). During the development of the DFIRMs, the SWFWMD
investigates: (1) the results of storm water models; (2) a database of historical photographs and high
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water elevations; and (3) information from local residents. One of the more important aspects of the
storm water models (sometimes referred to as Hydrologic and Hydraulic (H & H) models), is the model
verification simulation for a given model. During model verification, rainfall depths from an actual
storm event are simulated to produce floodplain results, which are then compared to documented
high water information associated with that same event. Results that reasonably match the high
water information provide a high level of confidence in model quality thereby assuring a high level of
accuracy when modeling design storms, such as the 100-year flood.
Singhofen [2] gives an excellent background to storm water model verification focusing on
empirical methodologies. Sawaya et al. [3] demonstrate applications of IKONOS-2 and QuickBird
satellite imagery for mapping lake water levels and impervious surface determination. Although their
focus is at the local scale, they [3] do not apply the analysis to model verification. Miller et al. [4] used
MODIS (Moderate Resolution Imaging Spectrometer) satellite data to verify sediment transport models
and found that higher resolution imagery provide better verification results than lower resolution
AVHRR (Advanced Very High Resolution Radiometer) or SeaWiFS (Sea-Viewing Wide Field-of-View
Sensor) imagery. Haq et al. [5] used remotely-sensed satellite imagery to monitor flooding and provide
damage assessments. Others (Jung et al. [6]) have used two-dimensional (2D) satellite imagery to
validate surface water heights and slopes derived from 2D hydrodynamic models. Their results
compared well to monitored surface water levels, however, they were limited to the response of
a channelized tributary and have not been tested on the complex dynamics of an entire watershed
that includes both above and below ground flowpaths. More recently, Tarpanelle et al. [7] used
Synthetic Aperture Radar (SAR) imagery to verify Manning’s Roughness coefficients for a channel and
floodplain, and Kunyeun et al. [8] used flood extent data for model verification of underground storm
sewers in an urban area. Remote sensing has been used extensively for mapping purposes, however,
its application to model verification is limited. This study uses remotely-sensed images from a recent
flood event to test and verify floodplain model results for a watershed in west central Florida.
2. Study Area
The Peck Sink Watershed is approximately 17 square miles in Hernando County, Florida (Figure 1).
Its topography ranges in elevation from 20 to 250 feet (NAVD88), which is unique when compared to
the generally flat landscape of Florida. With a mix of hardwoods, cropland and low-density residential
areas, this watershed is dominated by poorly drained soils and sinkhole features that drain the land.
This combination of topographic relief and clay soils near land surface has led to a history of flooding.
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with below-surface features, such as pipes, drop structures, and weirs, to direct water flows. For the
Peck Sink Watershed, the Interconnected Channel and Pond Routing model (ICPRv3; Streamline
Technologies, Orlando, FL, USA) was used to simulate flooding for several design storms and actual
events including Doppler rainfall from Tropical Storm Debby in June 2012. Results from the model
were converted to Esri-shapefiles and subsequently stored in either an Esri file-geodatabase or the
SWFWMD Enterprise geodatabase.
3.2. Image Acquisition
When a “state of emergency” for Florida was declared on 25 June 2012, the state qualified for
Federal Emergency Management Agency (FEMA) assistance. A portion of that assistance included
the acquisition of satellite images (SPOT, Satellite Pour l’Observation del la Terra) when the satellite
passed overhead on 27 June 2012, approximately 48 h after the storm started moving northward and
out of the SWFWMD. The SPOT multi-spectral image for the north-central portion of the SWFWMD
(SP04N28_475187W082_3623332012062800000000MS00_GG003002001.tif) was of particular interest, as
it focused on Hernando County, Florida, one of the areas significantly affected by flooding.
Although the SPOT data were obtained within a 48-h window of Tropical Storm Debby, there
were concerns that the 20 m Ground Sample Distance (GSD) and the Infrared bandwidth frequency
would be too coarse to accurately map the extent of flooding. The SWFWMD contracted with a local
aerial firm (Aerial Cartographics of America, Orlando, FL, USA) to obtain a high resolution false-color
infrared (fCIR) digital image in specific portions of Citrus, Hernando and Pasco Counties, Florida
that received the highest rainfall depths. The image, acquired with a Vexcel UltraCamX digital
aerial sensor using 60% forward and 40% sidelap produced a 9-inch raw pixel GSD. Flights were
conducted between 2:00 p.m. and 4:00 p.m. on 27 June 2012, and concluded, the next day, 28 June
2012 between 10:00 a.m. and 1:00 p.m. Photography was taken during 30˝ sun angle and was free
of smoke and clouds. Final project deliverables were referenced to Florida State Plane West, NAD83
(2007) U.S. Survey feet and tiled into 5000-foot ˆ 5000-foot tiles. The SWFWMD supplied a 5-foot
LiDAR-derived DEM referenced to the Florida State Plane West, NAD 2007, NAVD 1988, U.S. Survey
feet for ortho-rectification. All work was performed under the supervision of a licensed Florida
Professional Surveyor and Mapper. Orthophotos were certified to meet or exceed a verified horizontal
accuracy of 9.12 foot at the 95% confidence interval (3.0 feet Root Mean Square Error), as specified in
the American Society of Photogrammetry and Remote Sensing (ASPRS) standards. No correction for
building lean was made.
3.3. Model Verification
The presence of water shown on the remotely-sensed images was directly compared to the
simulated flooding from the model using a combination of visual inspection and image analysis
methods. The 4-band (RGBi) image was first examined for trends in spectral response to determine
threshold values for waterbodies. After threshold values were selected, an extract by mask was run
on the Near-Infrared (NIR) band, using Digital Number (DN) values of 75 and below. The resulting
extracted raster was then reclassified from 1 to 5, with 1 being almost certainly water, and 5 being more
likely shadowed land. The reclassified image was used alongside the original to identify flooding
within the study area. High water elevations and flood photos from Tropical Storm Debby were
obtained from residents, local governments and SWFWMD staff to document the flooding and assist
with model verification.
4. Results
Modeled floodplain results show that 21 percent of the total Peck Sink Watershed was inundated
during Tropical Storm Debby. Both SPOT and fCIR images were captured within two to three days of
the storm and compared to the simulated floodplain. Figure 2 shows the modeled Tropical Storm Debby
floodplain overlaid onto the SPOT image with water accumulation depicted in black. A large-scale
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The fCIR aerial image captured approximately seven square miles of the central and southern
The fCIR aerial image captured approximately seven square miles of the central and southern
portions of the Peck Sink Watershed, three days after Tropical Storm Debby. A comparison of the
portions of the Peck Sink Watershed, three days after Tropical Storm Debby. A comparison of the
SPOT and fCIR images (Figure 3) show an area in the central portion of the Peck Sink Watershed that
SPOT and fCIR images (Figure 3) show an area in the central portion of the Peck Sink Watershed that
experienced flooding. The deeper red signatures are interpreted to represent denser vegetation, and
experienced flooding. The deeper red signatures are interpreted to represent denser vegetation, and
although the fCIR image more clearly identifies the flooding, neither image shows the entire presence
although the fCIR image more clearly identifies the flooding, neither image shows the entire presence
of flooding in these obscured areas. Field-measured high water marks from Tropical Storm Debby
of flooding in these obscured areas. Field-measured high water marks from Tropical Storm Debby
were obtained at many locations, as shown in Figure 3, verifying flooding in some areas that were
were obtained at many locations, as shown in Figure 3, verifying flooding in some areas that were not
not visible in the remotely-sensed images.
visible in the remotely-sensed images.
A closer examination of a house that was completely surrounded by water from Tropical Storm
A closer examination of a house that was completely surrounded by water from Tropical Storm
Debby is shown in Figure 4. This figure compares the flood inundation visible in both the SPOT and
Debby is shown in Figure 4. This figure compares the flood inundation visible in both the SPOT and
fCIR imagery to the modeled floodplain. In the SPOT image, probably as a result of the 20 m GSD,
fCIR imagery to the modeled floodplain. In the SPOT image, probably as a result of the 20 m GSD, the
the house is not visible, although there are dark pixels, indicating water, in the vicinity. Given that
house is not visible, although there are dark pixels, indicating water, in the vicinity. Given that there
there may be a slight horizontal displacement as a result of the geo-rectification process, the SPOT
may be a slight horizontal displacement as a result of the geo-rectification process, the SPOT image
image does place the house (the brightest pixel) within the yellow circle. This image does a reasonably
does place the house (the brightest pixel) within the yellow circle. This image does a reasonably good
good job at identifying the flooding extent, but the abundance of non-black pixels indicates upland
job at identifying the flooding extent, but the abundance of non-black pixels indicates upland areas that
areas that are not present. The higher resolution fCIR image more clearly shows the floodwaters
are not present. The higher resolution fCIR image more clearly shows the floodwaters surrounding the
surrounding the house, although the modeled floodplain (yellow hatching) indicates the water
should have been closer to the house at the peak of the flood.
An oblique image captured by helicopter shortly after the fCIR aerial image, shows the same
house surrounded by water on 29 June 2012 (Figure 5). A debris line, clearly visible in the image,
indicates the peak flood level was closer to the house immediately following the storm event but had
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house, although the modeled floodplain (yellow hatching) indicates the water should have been closer
to the house at the peak of the flood.
An oblique image captured by helicopter shortly after the fCIR aerial image, shows the same
house surrounded by water on 29 June 2012 (Figure 5). A debris line, clearly visible in the image,
indicates the peak flood level was closer to the house immediately following the storm event but had
receded by the time the remotely-sensed image was captured. High water elevations, surveyed using
this debris line indicator from the oblique image, closely matched the modeled floodplain elevations
for Tropical Storm Debby in this vicinity.
The results of the image analysis provide additional insight into the use of remote sensing to
verify model results. As expected, this analysis clearly identified water in open areas, although it had
a difficult time identifying water in areas obscured by dense vegetation (Figure 6). In many cases,
a visual inspection of the DEM was necessary to confirm the modeled floodplain results in these
obscured areas. Figure 7 shows the modeled floodplain from Tropical Storm Debby as compared to
Geosciences 2016, 6, 24
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both the DEM and the results of the image analysis. As expected, the floodplain matches well with the
contour of the land surface elevation from the DEM. Although the entire floodplain was not identified
receded by the time the remotely-sensed image was captured. High water elevations, surveyed using
by the image analysis, the resulting raster fragments extend to the modeled boundary indicating the
this debris line indicator from the oblique image, closely matched the modeled floodplain elevations
overall extent of flooding.
for Tropical Storm Debby in this vicinity.

Figure 3. SPOT image (left) and fCIR image (right) with Tropical Storm Debby modeled floodplain
Figure 3. SPOT image (left) and fCIR image (right) with Tropical Storm Debby modeled floodplain
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polygons (yellow hatching). Field-measured high water marks are depicted by blue raindrops
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Figure 4. SPOT image (left) and aerial fCIR image (right) with modeled floodplain (yellow hatching)
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Figure 5. Oblique image of house taken during Tropical Storm Debby flooding event (June 2012; care
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5. Discussion and Conclusions
Since the early 2000s, the SWFWMD’s Watershed Management Program has been engaged
in hydrologic and hydraulic modeling of watersheds throughout their 16 county service area.
This program is designed to construct detailed floodplain models capable of identifying flood risk
at the individual parcel level and to assist communities and local governments in the development
of best management practices for flood protection. These goals require the floodplain models to
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include detailed information for both the conveyance ways above ground and complex pipe networks
below ground.
The topology and hydrology of southwestern Florida are unlike many portions of the United
States, where basins, sub-basins and catchments are clearly defined by flow ways, rivers, streams and
creeks, forming dendritic drainage patterns. In contrast, the basins (catchments) in the SWFWMD
are defined by a hierarchical nesting of sinks, low points in the terrain, and ridges, high points in the
terrain, forming a deranged network of flow, where catchments fill and overflow, through spill points,
low points along the ridges between catchments, into adjacent catchments. In such deranged terrains,
elevation differences as small as 0.5 foot can result in changing overflow directions and different
flooding patterns. This sensitivity requires a characterization of the terrain that is highly resolute,
accurate, and detailed. DEMs used by the SWFWMD are LiDAR-derived (Light Detection and Ranging)
DEMs with cell sizes typically ranging between 2.5 and five feet and elevation accuracies in the 0.2
to 0.3 foot range (NAVD88; North American Vertical Datum of 1988). In addition to surface flows,
commercial- and residential-developed watersheds also include extensive below ground drainage
networks to route stormwater in man-made flow patterns. Detailed measurements of outfall structures,
underground pipe systems and discharge locations are also included into these floodplain models to
accurately simulate the direction and quantity of storm water flows.
This detailed level of modeling is in sharp contrast to similar studies (Mason et al. [9],
Khan et al. [10] and Karim et al. [11]) that used H & H modeling at smaller map scales with lower
resolution imagery and topographic information. Mason et al. [9] compared flood inundation along the
Thanes River (Oxford, UK) to remotely-sensed data, with a grid cell size of 50 m. Kahn et al. [10] used
a similar methodology to construct a flood inundation model for the Nzoia River basin (a sub-basin of
Lake Victoria in Africa). That model was constructed at a very small mapping scale using remotely
sensed data with 250 m to 500 m resolution and SRTM (Shuttle Radar Topography Mission) 30 m
post-spacing elevation data. More recently, Karim et al. [11] used 30 m SRTM data for elevation and
MODIS (Moderate Resolution Image Spectrometer) to derive flood inundation maps for a riverine
reach along the Fitzroy River in Australia. Hence, our study, conducted at a very large mapping scale,
over deranged terrains with extensive below-surface, man-made alternations, provides new insights
for the use of imagery for H & H model verification.
The development of accurate floodplain information for the Peck Sink Watershed required detailed
topographic information coupled with a complete inventory of the below ground drainage network.
The results of this study indicate that a combination of remotely-sensed imagery and field-measured
high water marks can be used to verify floodplain model results for large-scale, highly-detailed,
deranged watersheds. Although areas of flood inundation were reasonably identifiable in the SPOT
imagery, the fine grained detail was obscured, limiting its ability to verify the modeled floodplain from
Tropical Storm Debby. The detail obtained from the higher resolution imagery are in good agreement
with the modeled floodplains, however, the overall extent of flooding was underestimated, as shown
by the results of the image analysis. This limiting factor was mostly due to the inability of the fCIR
image to clearly identify inundation in densely vegetated areas, which are highly characteristic of the
Peck Sink Watershed. In addition, field data suggest that the floodwaters had receded in many areas
before the remotely-sensed images were captured. These limitations required the use of additional
tools including the DEM and field-measured high water marks to confirm the validity of the modeled
floodplain results. This work shows how flood inundation can be inferred in areas not visible from
remotely-sensed imagery. Future work might include developing a methodology to more accurately
identify flood inundation in areas obscured by vegetation.
Flood events such as Tropical Storm Debby usually arrive unannounced. Having a plan in
place to respond immediately is critical in order to adequately document the effects of the flooding.
This includes collecting perishable high water marks and obtaining remotely-sensed aerial images
as quickly as possible. These data are key to verifying the accuracy of flood prediction models and
equipping local officials, residents and water managers with the information they need to better
identify flood risk.
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America Society of Photogrammetry and Remote Sensing
Advanced Very High Resolution Radiometer
Digital Flood Insurance Rate Map
Digital Elevation Model
Digital Number
Federal Emergency Management Agency
false Color Infrared
Ground Sample Distance
Hydraulic and Hydrologic
Interconnected Channel and Pond Routing
kilometers per hour
Light Detection and Ranging
millibars of mercury
Moderate Resolution Imaging Spectrometer
North American Vertical Datum of 1988
Near Infrared
Photo-Interpreter
Red-Green-Blue-infrared
Synthetic Aperture Radar
Sea-Viewing Wide Fiend-of-view Sensor
Satellite Pour l’Observation del la Terra
Shuttle Radar Topography Mission
Southwest Florida Water Management District
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