










 
Table 3.1 Two-Way Travel Time Velocities for Subsurface Materials in the 
central Florida, Orlando region  (Adapted from Mellet, 1990; Wilson, 1998). 

 

 
Material 

 
 

 
Standard Two-Way-Travel-Time Velocities 

 
 

Unsaturated quartz sand 0.25 ft/ns (4 ns/ft propagation rate) 

Unsaturated clayey or silty soil 0.17 ft/ns (6 ns/ft propagation rate) 

Water-saturated materials 0.09 ft/ns (11 ns/ft propagation rate) 

Water 0.056 ft/ns (18 ns/ft propagation rate) 

_________________________ __________________________________________

Material 
 
 
 

Approximate Vertical Depth Scales for Study 
GPR profiles 

 
 

Unsaturated surficial sands 1 inch : 15 ft   (~4.5 m) 

Unsaturated clayey or silt soils 1 inch :  10 ft   (~3.0 m) 

Water-saturated materials 1 inch : 5.5 ft   (~1.6 m) 

 
Six out of eight profiles were scanned at 510 ns (vertical time scale: 8.5 inches per 510 ns 
or 1 inch per 60 ns).  The velocities and vertical depth scales recommended by William 
Wilson, P.G., Principal Geologist and President of Subsurface Evaluations, Inc. (SEI), 
Tampa, Florida. 
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The profiles C-H have a maximum attainable depth of approximately 35 m 

(Figures 3.3a – 3.8a).  The radar profiles provided reflections of the subsurface structures 

and sediment boundaries.  The profiles show the variable thickness Plio-Pleistocene 

unconsolidated clastic sediments in this area that overlie cavernous Eocene limestone 

(Table 1.1).  According to a site well log completed for the City of Apopka (Boyle 

Engineering Corporation, 1997), the limestone at this location is approximately 110 to 

150 ft (34 and 46 m) below land surface.  The acquired reflections had a maximum depth 

of 30.5 m or approximately 100 ft. below land surface.  Therefore, in this study, depth to 

the limestone was never imaged.  Instead, what we believe the profiles depict is the 

response of the sediments to the dissolution of the underlying limestone.  

A problem with using GPR data is that of an inherent limitation to all surface 

geophysical methods is the decrease in resolution with increasing depth (Benson and 

Yuhr, 1993).  The actual depth of scanning is somewhat less due to clayey soils, water-

saturated sands, or if the signal was absorbed by other electrically conductive materials.  

Electrically conductive materials, such as clay, and water rapidly absorb the radar waves 

and limit radar penetration.  This is due to the electrical properties of geologic material 

primarily being controlled by their water content (Topp et al., 1980; Davis and Annan, 

1989; and Wilson, 1998).  In short, the penetration capability of GPR is dependent on the 

frequency of the antenna and the electrical properties of the earth materials involved 

(Stangland and Kuo, 1987).  It is known that the overlying clay and clayey-sediments in 

this area may absorb the signal, decreasing penetration depth (Wilson and Beck, 1988), 
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which may prohibit the radar pulse return of some buried features as well as the 

underlying limestone because the sediments absorb the signal.   

A second problem that arises in GPR data collection is the difficulty to maintain a 

constant speed while pulling the antenna behind a vehicle.  Variability in the speed of the 

antenna may cause the horizontal scales on the profile to skew.  This problem was 

controlled by marking the profiles during collection with vertical dashed lines that 

corresponded to the 100 ft (30 m) interval flagged stations at the surface whose 

coordinates were surveyed with the total station.   

3.3 Interpretation 

To best use the distance and depth data along the GPR profiles and use the data to 

correlate the surface expressions, the reflected radar signals had to be spatially corrected.  

To do this, the profiles were traced onto Mylar paper and digitized using the ArcInfo GIS 

software package.  Each profile was then converted into a digital line drawing 

representation.  To correct for the horizontal error that occurs from towing the antenna 

over the ground, we used surface control points (the surveyed flag stations) to spatially 

adjust the line drawings into actual study site coordinates.  This technique is similar to 

rubber sheeting which uses the horizontal control points along with the assumed velocity 

to transform the profiles into distance-depth cross-sections (Figures 3.1b - 3.8b).  The 

velocities and the vertical depth scales presented are thought to be reasonable (Table 3.1) 

and the details of the GPR survey are presented in Table 3.2. 
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Table 3.2 Details of Study GPR Survey Transects 
 

Transect Length 
(m) 

Trend TWTT 
(ns) 

Conversion 
(m) 

Max Depth 
(m) 

A 199 W – E 408 1 inch = 3.6 25.2  (~83 ft) 

B 328 S – N 408 1 inch = 3.6 31.5  (~103 ft) 

C 200 W – E 510 1inch = 4.5 31.5  (~103 ft) 

D 198 W – E 510 1inch = 4.5 27.0  (~89 ft) 

E 182 W – E 510 1inch = 4.5 31.5  (~103 ft) 

F 180 S – N 510 1inch = 4.5 32.0  (~105 ft) 

G 238 S – N 510 1inch = 4.5 31.5  (~103 ft) 

H 418 N - S 510 1inch = 4.5 31.5  (~103 ft) 

 
Maximum depth obtained estimated from 13.12 ns/m.  The scan line length is 
interchangeable with two-way travel time (TWTT). 

 

 

The radar profiles all have two main features in common, a top transparent zone 

and a zone of layered reflections.  These zones are interpreted to represent respectively a 

zone of siliciclastic sediments and a zone of clay and clayey-sands.  Horizon 1 (H1) and 

horizon 2 (H2) represent the top and bottom boundaries of the clayey soil zone.  This unit 

is laterally extensive with intermittent groups of gentle subsurface reflections.  H1 

corresponds to the base of a generally transparent zone on the sections and is interpreted 

as the top of the clay-rich layer that is underlying a unit of sandy surficial soils and sand.  

H2 corresponds to the deeper bottom boundary of the reflections.  This represents the 

bottom of a gradational contact between the inferred subsurface unit of clay-rich sand and 

a deeper unit of unconsolidated sands and clay.   
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The clay rich layer varies from 4 – 15 m in thickness and confidence decreases 

outward, as computer interpolation of the surfaces increases from the control points.  In 

profiles B, C, and E - H the signal is interpreted to be completely absorbed by the water 

table as indicated in Figures 3.2b, 3.3b and 3.5b – 3.8b, respectively.  Water tables in 

many karst areas are almost flat owing to the high hydraulic conductivity (Fetter, 1994) 

and for our purposes this horizon was not used in the analysis.  The reflections, or 

inferred soils layers, demonstrate lateral continuity across most of the survey site and the 

data is well constrained at the coincident surveyed points.  

The shallower of the two reflective interfaces, H1, displays good lateral continuity 

and returned after an elapsed time of approximately 90 to 180 ns, or a depth of 

approximately 4 -15 m below the surface.  The lower interface of this unit, H2, also 

displays good lateral continuity within all transects and typically returned after an elapsed 

time of approximately 180 to 280 ns or an elevation of approximately 25 to 30 m below 

ground.  

Within the interpreted horizons H1 and H2, there are three main features within 

the profiles, two swale or trough like karst depressions termed north trough (NT) and 

south trough (ST) for their locations within the study site.  There is also a topographic 

high (TH) in center area of the study site seen in transects B and F (Figures 3.2b and 

3.6b).  The layered clayey sediment ranges in thickness from 5 to 15 meters and is 

approximately 15 meters below the land surface.  Figures 3.1b and 3.3b show examples 

of where H2 separates in places into two packages that are more complicated.   

At the northern end of the study site lies the north trough (NT) that is intersected 

by transects A – D and G (Figures 3.1b – 3.4b and 3.7b).  Specifically, Figure 3.3a is a 
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clear representation of NT.  The north trough has a vertical relief of approximately 12 m 

and trends north to south for approximately 140 m.  In the southern portion of the site, 

transect E, (Figure 3.5b) between stations 300 and 500, crosses the full extent of the 

southern trough (ST) and is intersected by transects B, F, and H (Figures 3.2b, 3.6b and 

3.8b).  ST has approximately 10 – 15 meters of vertical relief and is approximately 100m 

wide.  

Within the complicated strata above H2 there are five smaller individual features 

that lie within or are in close proximity to the main trough features NT and ST and are 

thought to be subsidence or sinkhole features.  Incipient subsidence, dolines and sinkhole 

type karst features are known to produce a bow tie or V- shape reflection on GPR profiles 

(Wilson and Beck, 1988; Wilson, 1998).  Upward pointing hyperbolic reflection patterns 

may represent a soil ravelling and/or lateral reflections from the sand and clay interface 

(Beck, 1986; Wilson and Beck, 1988) and horizontal sediments or the water table 

produce laterally continuous, flat reflections (Fetter, 1994).  In the northern trough-like 

feature (NT), bound by the horizons at the intersection of transects A and B there is a 

downwarping of the sediment layers that seem to represent a smaller karst structure 

termed feature one (F1) between the flagged stations 200 and 300 (Figures 3.1a and 

3.2a).  Specifically, at station 400 in Figure 3.5a, there is an excellent example of the 

classic bow tie reflection or V-shaped reflection that Wilson and Beck describe as 

indicative of buried karst features in their well known 1988 paper.  This type reflection is 

indicative of subsidence (or possibly a sinkhole) with sediment filled basin most likely of 

clayey-sands.  The feature in profile F, Figure 3.6a at station 400, and the feature in 

profile G in Figure 3.7a between flag stations 0 and 100 are smaller examples of the 
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upward pointing hyperbolic reflections that correlate spatially with edges of the NT and 

ST respectively, which may be a reflection of the raveling clay sediments here.   

Within ST in Figure 3.2a and b, just passed station 200 on transect B there is 

another bow tie feature, F2.  Along transect H, (Figure 3.8a and b) there are three features 

F3, F4 and F5 depicting or representing downwarping sediments.  F3 is intersected in 

transect E, Figure 3.5b at station 600 and the smaller features F4 and F5 are crossed by 

transects A and C respectively, just past station 600 on both (Figures 3.1a and 3.3a).  

These features are good examples of erosional or buried features within the clay rich 

layer.   
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4. Direct Comparisons of Surface and Subsurface Topography 

4.1 Surface Construction 

In order to compare the GPR profiles with spatial features seen in the LIDAR 

data, the horizons and other features identified in the GPR data need to be presented in a 

planar (map) form.  First, the map positions of the profile lines were combined with the 

lines and horizons digitized off of the two-dimensional profiles.  This produced a set of 

three-dimensional line vectors (Figures 3.1 – 3.8).  The procedure was performed for both 

the line drawing segments and the interpreted horizons, H1 and H2.  This transformation 

allowed the line vectors to be displayed in the form of a 3-D fence diagram constructed 

within the Arcview 3d Analyst GIS environment (Figure 4.1).  While this environment 

allowed direct comparison of the GPR features with the LIDAR derived surface, 

interpretation was difficult because of the complex shapes of the subsurface interfaces 

and the complexity of the 3-D figures themselves. 

In order to more easily evaluate the relationships between the topography and the 

subsurface horizons, the 3-D horizon vectors, H1 and H2, were used to construct 

continuous 3-D surfaces.  The verticies of each horizon were used to define Triangular 

Irregular Network (TIN) surfaces (Figure 4.2).  Unfortunately, the TIN method often 

produces sharp angular artifacts which form unrealistic surfaces that may be 

misinterpreted.  To produce maps that give a more effective visualization of the surfaces, 

the TIN surfaces needed to be smoothed.   
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Figure 4.2 Triangular Irregular Network (TIN) surfaces of H1 and H2.  The GPR 
transects are superimposed on H2.  Using the TIN method produces sharp angular 
artifacts that alone are difficult to use in comparison with the LIDAR topographic 
surfaces.  

 

Smoothing was performed by interpolating the TIN onto a regularly spaced, 1 m, 

raster grid and applying a low pass filter.  The filter used was a focal mean filter which 

applied an 11 m rectangular moving window to the surface.  This 11 m window size was 

chosen for its capability to smooth the gridded surfaces into a more suitable depiction of 

the true study site topography for comparison (Figure 4.3).  From here, the smoothed 

surfaces were also contoured to show possible associations between the surface and 

subsurface topgraphy differently (Figure 4.4).  The contour elevations are the same as the 

surfaces ranging from 32.5 m to 39 m NAVD88. 
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4.2 Observations  

The LIDAR derived topography is compared to the two surfaces interpreted as 

being H1 and H2, described previously in chapter 3 as the base of the transparent zone 

and the bottom of a clay rich layer, respectively.  Both the H1 and H2 surfaces contain 

three significant features that correlate with three similar features on the surface 

topography.  These are two troughs, one in the northern section of the site and one in the 

southern section and an area of high elevation in the center.  

The troughs are inferred from the GPR profiles to be large-scale depressions 

associated with karst development below the surface.  In the northern portion of the site, 

the North Trough (NT) is approximately 140 m long, 50 m wide with 12 m of vertical 

relief varying from 10 – 30 m below the ground surface (Figure 4.3).  The second trough 

trends south from the southern edge of the topographic high area.  The South Trough 

(ST) extends approximately 70 m long and 50 m wide with 10 – 15 m of relief also 10 – 

30 m below the surface (Figure 4.3).  A 75 m long area of topographic high (TH) 

elevation divides the two troughs and is located nearly center in the study site (Figure 

4.3).  From the constructed surfaces, H1, H2 and the LIDAR topography there is a clear 

association among the troughs and the area of topographic high elevation between the 

surfaces.   

There are also interesting differences among the features and between the surfaces 

themselves.  For example, on the radar profiles the bottom of NT is approximately 30 m 

below the surface and ST is around 15 m below the surface (Figure 3.2).  NT is also 

much larger than ST and more elongated.  This difference can be seen in Figures 4.3 and 

4.4, the elongation of NT in H2 may be exaggerated due to a lack of control in the NW 
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portion of the study area.  Between the individual surfaces, NT varies from H1 at about 

10 m below the surface to approximately 30 m below the surface in H2.  ST is also 75 m 

wider in the lower surface H2 than in H1 (Figure 4.3).  In contrast, the area of higher 

elevation (TH) does not change very much but does appear to be steeper in H2 when 

compared in the two surfaces.   

The study site was chosen from target features visualized in the LIDAR data and 

discused in chapter 2 (Figure 2.3).  When compared to the subsurfaces H1 and H2, NT is 

spatially associated with a subtle surface drainage feature that is offset to the northeast, it 

is approximately 140 m wide and 200 m long with less than one meter of relief (Figures 

2.4, 4.3 and 4.4).  NT sits just above three of the targeted features on the north side of the 

topographic high and to the south of this ST is directly below the other target feature 

(Figure 4.3).  TH is also observed within all of the surfaces.  In order to accurately 

compare the derived surfaces from the GPR data that were filtered, the low pass filter 

also had to be applied to the LIDAR derived surface.  This further smoothing of the 

topography eliminates detail that shows what was being attempted in this study.  The 

LIDAR derived surface in Figure 2.4 was constructed prior to the need for further 

smoothing and thus this surface better exemplifies the semi-closed depressions that lie 

above ST.  

Within the large-scale features, NT and ST, small-scale features were identified 

within the clayey layer from the GPR profiles, these can also be correlated with the 

surface topography.  The small-scale features are depicted as points in Figure 4.3.  

Feature F1, is approximately 16 m below the surface is 34 m wide and has 5 meters of 

vertical relief (Figures 3.1 and 3.2).   
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Feature 2 is close to 18 m below the surface, it is 17 m wide also with 5 m of 

vertical relief (Figures3.2 and 3.5).  The similarity in the depth and relief between F1 and 

F2 is interesting and that F2 is half as wide as F1 follows the pattern of the southern 

trough being generally much smaller than the trough to its north.  There were a total of 

five smaller features observed in the radar profiles however for this comparison only F1 

and F2 were used. 

A plausible cause for the correlation of surficial troughs and subsurface features 

may be explained by the draining down and out of surficial materials through pre-existing 

karst features.  The concept is that surficial sediments are gradually draining or raveling 

down predetermined pathways which may be buried karst features.  The elongated nature 

of NT and the subtle surficial trough above at the surface is a good example of a favored 

flow path (Figure 4.3).  A flow direction diagram was constructed using vectors derived 

from the eleavtion differences in the surface (Figure 4.5).  This vector map illustrates the 

direction and magnitude of flow in the study site topography.  Note the similar 

correlations with the locations of NT and ST from Figure 4.4.   
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Figure 4.5 A vector diagram of the direction of flow or drainage at the study site 
from the LIDAR derived DEM.  Note: Where the vectors converge and increase in 
magnitude is on top of NT and ST.  The vector size increases and the color shifts with 
magnitude from blue through to red. 
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The feasiblity of surficial features being a result of karst structures below is 

further demonstrated by the sinkhole type feature F1, which is 34 m large and lies within 

the clay-rich layer below the NT (Figures 3.1, 3.2 and 4.2).  This is illustrated again by 

the smaller (17 m wide) sinkhole type feature F2 present at the center of ST (Figures 3.2 

and 3.5).  Features F1 and F2 are inferrred to be small-scale (by the terms of this study) 

buried depression features having approximately 5 m of vertical relief.  

In addition, it is possible that the large extent of the troughs may be the sole 

driving force for drainage.  Nevertheless, the smaller features should not be ignored.  

Both the large troughs and smaller features play a role in the surface and subsurface 

drainage patterns (Figure 4.4), though, to what degree is not known and is beyond the 

scope of this study.  Another joint possibility may be that NT and ST may have 

originated as smaller features such as F1 and F2 and by further development are the 

troughs seen today.  If this possibility were true, then the next plausible thought would be 

that the troughs may still be developing, growing in length, width and depth.  This is a 

geologic hazard that needs further attention.  Gradual karst development with pre-

exisiting drainage voids and the growing development in this area may very likely lead to 

a catastrophic event.  Verification of this thought or proof of concept could be an 

interesting future study for this study site. 
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5. Summary and Conclusions 

A premise of this study is that topographic indicators may precede sinkhole 

collapse events.  To test this, identified surficial indicator features are compared with 

structures mapped with a conventional method for profiling the subsurface, ground 

penetrating radar (GPR).  This study utilizes surfaces derived from airborne LIDAR 

(LIght Detection and Ranging) technology and compares them to subsurface horizons, in 

the attempt to observe the relationship between surficial and subsurface features within a 

karst terrain.  The results suggest that airborne LIDAR may be used to map subtle 

topographic features associated with sinkhole hazard.  

More than 500 km of LIDAR data were collected over central Florida by NASA’s 

Airborne Topographic Mapper (ATM) in 1995.  This data was processed and filtered to 

produce digital elevation models of the 'bare-ground' surface having 2.5m horizontal 

resolution and a vertical accuracy of ~20 cm.  Ground truth comparisons were 

accomplished using an electronic total station (ETS) to survey control points.  The 

profiles extracted from the LIDAR data and the ETS profiles were all consistent and all 

had approximately 15 – 20 cm difference.  This result demonstrates the accuracy of the 

ATM data used for this study and is within the reported error of the instrument given by 

Krabill and Martin, (1987) and Krabill et al. (1995b).  

To identify closed, circular features that are possibly pre-collapse signatures, 

interactive computer visualization of color-shaded relief maps were completed.  This 

revealed four features non-existent on USGS topographic maps as promising depressions 

at a 200 m by 600 m site located in Apopka, Florida.  This area was then selected as the 

focus study site for a more detailed investigation.  In order to determine the minimum 
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size feature resolvable, the LIDAR DEM of the study site was compared with a similar 

resampled DEM derived from a USGS topographic map of the area.  The difference 

between them was found to be approximately 2 m.  The main result is that the USGS 

DEM did not depict the true ground surface as well as the LIDAR derived DEM.  The 

bottom of basins seemed to be interpreted within the tree canopy and this is due in part to 

the technique used in preparing the USGS topographic maps. 

 The subtle topographic targets were verified by a GPR survey in the summer of 

1999.  The transects were guided by the ETS surveyed flag stations and their locations 

were chosen to obtain the best possible cross-section of the identified study site targets.  

Eight profiles were collected by towing the GPR antenna behind a vehicle across the 

ground.  The main features resolved were two horizon surfaces, H1 and H2.  They 

represent the top and bottom boundaries of a clay-rich layer approximately 10 m below.  

Within these interpreted horizons there are three large scale features; two troughs,one in 

the north portion of the site and the other in south (NT and ST) and a topographic high 

area (TH) towards the center of the site.  A closer examination of the troughs in the GPR 

profiles found five smaller scale features (F1 – F5).  Only two of the small-scale features 

correlated with the larger troughs NT and ST, they are F1 and F2, respectively.  The other 

three were discarded for lack of supporting data.  The features are inferred to be buried 

karst structures associated with sinkhole development.   

To be able to visualize and compare the data, the GPR profiles were digitized into 

a GIS.  Several maps were constructed, the most useful being 3-D continuous surfaces of 

the topography and the subsurface horizons.  Initially, the TIN method was used.  

Unfortunately this produced unrealistic surfaces due to sharp angular artifacts that may 
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have beeen misinterpreted.  To correct for this, the TINs were interpolated onto a 

regularly spaced, 1 m size raster grid and a low pass filter was applied.  The filter used 

was an 11 m rectangular moving focal mean filter chosen for its ability to smooth the 

gridded surfaces into a representation more suitable of the true study site topography 

The LIDAR derived surface correlated well with the three major subsurface 

structures in the GPR data (NT, ST and TH).  Of the several smaller scale features 

identified in the clay rich layer, two have been used in this study.  Features F1 and F2 

correlate well with the surface topography and with the larger trough features (NT and 

ST, respectively).  These have good GPR control and are thought to be small paleo-

sinkholes or subsidence associated with the NT and ST.  F1 and F2 may also be 

interpreted as sediments raveling downward with groundwater flow into unseen cavities 

in the limestone below.  They may also be diffracted images from the trough edges.  

Since, the ground penetrating radar did not reach the depth of limestone it is 

impossible to directly associate surface topography with subsurface voids.  However, 

depressions and features in the overlying sediments are indirect evidence of buried 

solution cavities.  Chen and Beck (1989) describe a model of the cover-collapse sinkhole 

process, where the gravitational movement of overburden sediment down into voids is a 

major factor in sinkhole development.  In their model, very small openings in the 

limestone surface created sinkholes tens of times larger, if sufficient void space was 

available.  Though, futher case studies are needed, the study site topography may reflect 

occurrences and developments in the subsurface.  

This study indicates that to some degree, future sinkholes may be predicted by 

topographic indicators on a large scale.  For example, in developing large areas for 
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schools, government buildings, office and shopping centers or large neighborhoods, 

LIDAR can be employed quickly, and is time and cost-effective.  With the present 

technology available, initial visualization can be done almost immediately after the data 

is collected.  This analysis would determine if there are any anomalies on the surface that 

the developer should be aware of.  This information can then be taken to an 

environmental or geo-technical investigative firm to have the identified target features 

existence determined further.  This can be accomplished using GPR as in this study or 

some other subsurface investigation method such as, electric resistivity, induced 

polarization, electromagnetic (EM) induction, hand or mechanical coring.  Depending on 

the size of the area to be developed, this can be done in a matter of weeks.  In contrast, by 

using only conventional subsurface methods, large amounts of time and money is wasted 

on evaluating too much area, in hopes that if suspicious features do exist, they will show 

up in the field data collected.  For large areas, this take a lot of man power which is 

expensive and also time consuming. 

Sinkholes are geologic hazards that due to their inherent suddenness become 

exceedingly dangerous.  Ultimately sinkholes are connected to the surface, therefore 

high-resolution detailed topography mapping is useful as an aid or alternative to mapping 

the subsurface.  By comparing conventional GPR derived surfaces to airborne LIDAR 

derived surfaces, this study has shown that inferences can be made about the surface from 

the LIDAR data.  It is also shown that employing LIDAR technology for topographic 

mapping would yield topographic maps of higher resolution, accuracy and confidence in 

the contour values.  These applications demonstrate that Airborne LIDAR is a useful tool 

for solving societal problems. 
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APPENDIX 

 

GLOSSARY OF ACRONYMS 
 
ATM:  NASA’s Airborne Topographic Mapper instrument  
 
DEM:  Digital Elevation Model  
 
GIS:  Geographic Information Systems  
 
GPR:  Ground Penetrating Radar  
 
GPS:  Global Positioning System 
 
INS:  Inertial Navigation System 
 
LIDAR:  LIght Detection and Ranging  
 
NAD27:  North American Datum of 1927 
 
NAD83:  North American Datum of 1983 
 
NAVD88:  North American Vertical Datum of 1988 
 
NGS:  National Geodetic Survey  
 
NGVD29:  National Geodetic Vertical Datum of 1929 
 
RMSE:  Root-Mean-Square-Error  
 
UTM:  Universal Transverse Mercator  
 
RADAR:  Radio detecting and Ranging 
 
SFWMD:  South Florida Water Management District  
 
SJRWMD:  St. Johns River Water Management District  
 
SWFWMD:  South West Florida Water Management District  
 
TWTT:  Two-Way Travel Time  
 
USGS:  United States Geological Survey 


