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Executive Summary  
Dewberry was tasked with  developing a consistent and accurate topographic and bathymetric 
(topobathymetric) elevation dataset derived from high-accuracy light detection and r anging 
(lidar ) technology for the National Oceanic and Atmospheric Administration (NOAA) Hurricane 
Maria  post-storm Puerto Rico and United States Virgin Island  project area. 
 
The lidar  data were processed and classified according to NOAAôs Shoreline Mapping Statement 
of Work (SOW) (Version 14A) and the project instructions for this specific task order . 
Topobathymetric  digital elevation models (DEMs) were produced for the project area.  Lidar 
data were formatted according to tiles with each tile covering an area of 1000 m by 1000 m.  A 
total of 5668 lidar tiles were produced for the project encompassing an area of approximately 
1400 sq. miles. 

THE PROJECT TEAM  

Dewberry served as the prime contractor for the project.  In addition to project management, 
Dewberry was responsible for LAS classification, all lidar  products, breakline production, Digital 
Elevation Model (DEM) production, and quality assurance.   
 
Dewberryôs Gary Simpson completed ground surveying for the project and delivered surveyed 
checkpoints. His team acquired surveyed checkpoints for the project to use in independent 
testing of the vertical accuracy of the lidar -derived model. He also verified the GPS base station 
coordinates used during lidar  data acquisition. Survey reports are included as Appendices A and 
B. 
 
Leading Edge Geomatics, LLC (LEG) completed lidar data acquisition and data calibration for 
the project area. 
 

PROJECT  AREA  

The project area addressed by this report covers the coastlines of the commonwealth of Puerto 
Rico and the US Virgin Islands (figure 1). The total size of the project is approximately 1400 
square miles.  
 

 

Figure 1 ï The Puerto Rico and US Virgin Islands Topobathy collection area outlined  in yellow . 
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DATE OF SURVEY  

The lidar  aerial acquisition was conducted from January 20 thr ough June 02, 2019.  

COORDINATE  REFERENCE  SYSTEM  

Data produced for the project were delivered in the following reference system. 
Horizontal Datum: North American Datum of 1983 with the 2011 Adjustment 
(NAD83(2011)) 
Vertical Datum: North American Datum of 1983 with the 2011 Adjustment 
(NAD83(2011), epoch 2010), ellipsoid heights 
Coordinate System: UTM Zone 19 and UTM Zone 20 
Units: Horizontal units are in meters, Vertical units are in meters.  
Geiod Model: Geoid 12B was used to convert ellipsoid heights to orthometric heights 

LIDAR  VERTICAL ACCURACY  

For the Puerto Rico and US Virgin Islands Topobathemetric Lidar Project , the tested RMSEz of 
the classified lidar  data for checkpoints in non-vegetated terrain is 8.6  cm  compared with the 
10 cm specification; and the NVA of the classified lidar  data computed using RMSEz x 1.9600 is 
equal to 16.8  cm  compared with the 19.6 cm specification. 
 
The tested RMSEz of the classified lidar data for checkpoints in submerged topography equaled 
is 12.1 cm  compared with the 18 cm specification; and the Bathymetric Vertical Accuracy of the 
classified lidar data computed using RMSEz x 1.9600 is equal to 23. 6 cm  compared with the 
35.3 cm specification. 
 
The tested VVA of the classified lidar  data computed using the 95th percentile is equal to 25.1 
cm, compared with the 29.4 cm specification.   
 
Additional accuracy information and statistics for the classified lidar  data, raw swath data, and 
topobathymetric DEM data are found in the following sections of this report.  

PROJ ECT DELIVERABLES  

The deliverables for the project are listed below. 
 

1. Project Extents including boundary and tile grid (shapefiles)  
2. Raw swath lidar data (LAS) 
3. Final classified lidar tiles (LAS)  
4. Refraction extents delineating topographic and bathymetric domains (GDB feature class)  
5. Void layer (shapefile) 
6. Tiled topobathymetric DEMs with voids enforced (IMG)  
7. Tiled standard deviation confidence rasters (IMG)  
8. Survey data (various formats)  
9. Final Project report  (PDF) 

OVERVIEW OF CLASSIFI CATION  

The raw lidar from the bathymetric and topographic sensors were kept in the classes that were 
outputted by the Reigl processing software. This aided in the classification of the ground and 
bathymetric bottom. The raw swaths delivered to NOAA were kept in this classification schema 
and is listed in table 1.  
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Lidar  Classification ï Raw Topographic Sensor Data  
Class  Description  

Class 0 Created, Never Classified 

Class 1 Unclassified 

Class 20 Water Surface Bayes 
Class 41 Water surface 
Class 45 Refracted Points 
Withheld  Geometrically Unnecessary Points 

Table 1  ï Lidar classification schema of raw lidar data as delivered following acquisition . 

Once the raw topographic and bathymetric sensor data was tiled out, routines were run to 
reclassify the data into the final classification schema detailed in table 2. This classification 
schema was used during manual editing and was also the schema used for the final LAS 
delivered to NOAA as required by the projectôs SOW.   
 

Lidar  Classification ï Manual Editing and Final Deliverables  
Class  Description  

Class 1 Unclassified (includes buildings and vegetation 

Class 2 Ground 

Class 7 Noise 
Class 40 Bathymetric Bottom  
Class 41 Water surface 
Class 43 Submerged object, not otherwise specified 

Class 44 
International Hydrographic Organization (IHO S -57 object), not otherwise 
specified 

Class 45 No bathymetric bottom found  
Class 46 Bathymetric bottom t emporal changes 

Table 2  ï Final l idar classification schema.   

Lidar Acquisition Report 
 
Dewberry elected to subcontract the lidar acquisition and calibration activities to Leading Edge 
Geomatics. LEG was responsible for providing lidar  acquisition, calibration and delivery of lidar  
data files to Dewberry. The last delivery of data was on September 16, 2019. 

LIDAR  ACQUISITION DETAILS  

LEG planned 992 passes for the project area as a series of parallel flight lines with 44 cross 
flightlines for quality control. The flight plan included zigzag flight line collection to preempt 
inertial measurement unit (IMU) drift .  In order to reduce potential errors i n the data 
attributable to flight planning, LEG followed FEMAôs Guidelines and Specifications for Flood 
Hazard Mapping Partners, Appendix A: Guidance for Aerial Mapping and Survey . The 
guidances includes the following minimum criteria:  
 

¶ A digital flight li ne layout using Leica MissionPro flight design software for direct 
integration into the aircraft flight navigation system;  

¶ Planned flight lines, flight line numbers, and coverage area; 

¶ Lidar coverage extended by a predetermined margin beyond all project borders to ensure 
necessary over-edge coverage appropriate for specific task order deliverables; 
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¶ Investigation of local restrictions related to air space and any controlled areas so that 
required permissions can be obtained in a timely manner with respect to project 
schedule; and 

¶ Filed flight plans as required by local Air Traffic Control (ATC) prior to each mission.  

LEG monitored weather and atmospheric conditions and conducted lidar missions only when no 
conditions existed below the sensor that would affect the collection of data. Good lidar collection 
conditions include no rain, fog, smoke, mist, or low clouds. LEG also performed in -situ 
measurements to gauge expected water quality conditions throughout the project area. Lidar 
systems are active sensors that do not require light. Thus, missions may be conducted during 
night hours when weather restrictions do not prevent collection. LEG accessed reliable weather 
sites and indicators (webcams) to establish the highest probability for successful data 
acquisition. 

Within 72 -hours prior to the planned day(s) of acquisition,  LEG closely monitored the weather, 
checking all sources for forecasts at least twice daily. As soon as weather conditions were 
conducive to acquisition, our aircraft mobilized to the project si te to begin data collection. Once 
on site, the acquisition team took responsibility for weather analysis.  

LEG lidar  sensors are calibrated at a designated site located at the Lawrence County Airport in 
Courtland, Alabama and are periodically checked and adjusted to minimize corrections at 
project sites. 

LIDAR  SYSTEM PARAMETERS  

Leading Edge Geomatics operated a Piper Aztec (Tail # N25FT) outfitted with a RIEGL VQ880-

GII Topobathymetric lidar system. Table 3 illustrates Leading Edge Geomaticôs system parameters 

for lidar acquisition on this project. 

 

Item  
Bathymetric  Sensor 

Parame ter  

Topographic  Sensor 
Parameter  

Altitude  450 m AGL 450 m AGL 

Approx. Flight Speed 130 kts 130 kts 

Pulse Rate 200 khz  300 kHz  

Scan Rate 80 lps 142 lps 

Swath Width  328 m 328 m 

Central Wavelength 515 nm 1064 nm 

Beam Divergence 0.7 mrad 0.3 mrad  

Field of View 40 deg 40 deg 

Aggregate Density Achievable 6 ppm 4 ppm 

Maximum Num. Returns/Pulse  Up to 10 Up to 10 

Table 3 ï Leading Edge Geomaticôs VQ880 -GII Lidar System Parameters  

ACQUISITION STATUS R EPORT AND FLIGHT LIN ES 

Upon notification to proceed, the flight crew loaded the flight plans and validated the flight 
parameters.  The acquisition manager contacted air traffic control and coordinated flight pattern 
requirements.  Lidar acquisition began immediately upon notification that active control 
stations were operating.  During flight operations, the flight crew monitored weather and 
atmospheric conditions.  Lidar missions were flown only when no condition existed below the 
sensor that would affect the collection of data.  The pilot constantly monitored the aircraft 
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course, position, pitch, roll, and yaw of the aircraft.  The sensor operator monitored  the sensor, 
the status of PDOPs, and performed the first Q/C review during acquisition.  The flight crew 
constantly reviewed weather and cloud locations.  Any flight lines impacted by unfavorable 
conditions were marked as invalid and re-flown immediately or at an optimal time.  
 
Figure 2 shows an example of a trajectory from mission 037A flown on February 6th, 2019 with 

the VQ880-GII using a SmartBase network in Applanix PosPAC. 

 

Figure 2  ï 037A t rajectory as flown by Leading Edge Geomatics  

LIDAR  CONTROL  

Continuously Operating Reference Stations (CORS) were utilized for positioning the majority of 
data acquired over the course of this project. LEG deployed one static GPS base station toward 
the end of the acquisition period on the island of St. Thomas to make up for the failure of one 
CORS base station (VITH ). Additionally, position adjustments were calculated for CORS sites 
CRO1, VITH, and ZSU4 as their published XYZ positions were found to be weak. The 
coordinates of the utilized base stations are provided in table 4.  
 

Name  
NAD83(2011) Lat, Lon  

Ellipsoid H t 
(NAD83(2011), m)  Latitude (N)  Longitude (W)  

CORS       

CRO1 17° 45' 24.82134ò N 064° 35' 03.55259ò W -30.112 

PRAR 18° 27' 01.70483ò N 066° 38' 50.72290ò W -18.543 

PRFJ 18° 19' 34.73697ò N 065° 39' 05.00894ò W -20.768 

PRGY 18° 03' 03.41125ò N  066° 48' 51.96792ò W  35.76 

PRHL 18° 22' 48.09108ò N 066° 09' 12.81219ò W -22.539 

PRJC 18° 20' 32.02394ò N  066° 59' 58.19334ò W 24.727 

PRLP 18° 11' 41.62781ò N 065° 52' 05.75074ò W 58.883 

PRLT 18° 03' 35.40036ò N 067° 11' 20.88066ò W -13.36 

PRMI  17° 58' 13.41909ò N  067° 02' 43.33794ò W -23.594 

PRN4 18° 04' 42.91546ò N 066° 22' 08.70458ò W 131.067 

PRAR 18° 27' 01.70483ò N 066° 38' 50.72290ò W -18.543 

VITH  18° 20' 35.97843ò N 064° 58' 09.17171ò W 6.283 

ZSU4 18° 25' 52.79256ò N 065° 59' 36.52039ò W -26.687 

LEG    

STB1 8° 21' 31.05330ò N 64° 54' 33.85933ò W -10.386 

Table 4 ï Base stations used to control lidar acquisition for the PR -USVI post -Maria 2019 survey.  
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AIRBORN GPS KINEMATIC  

Airborne GPS data was processed using PosPAC MMS provided by Applanix. Flights were flown 
with a minimum of 6 satellites in view (13° above the horizon) and with a PDOP of better than 4.  
 
The GPS average residuals for all flights were 3 cm or better, with no residuals greater than 10 cm 
recorded. 
 
GPS processing reports for each mission are included in Appendix D. 

GENERATION AND C ALI BRATION OF LASER POI NTS (RAW DATA)  

The initial step of calibration is to verify availability and status of all needed GPS and Laser data 
against field notes and compile any data if not complete. 
 
Subsequently the mission points are output using RIEGLôs RiProcess. The data is reviewed for 
any concerns. Calibration values are determined by RIEGL LMS and reviewed. 
 
Data processing and refraction are performed using a combination of RiProcess and proprietary  
classification before the lidar is  fully exported to LAS format. Data is reviewed for completeness, 
acceptable density and to make sure all data is captured without errors or corrupted values. In 
addition, all GPS, aircraft trajectory, mission information, and ground control files are revi ewed 
and logged into a database. 
 
On a project level, a supplementary coverage check is carried out to ensure no data voids 
unreported by Field Operations are present. There are also checks performed to determine the 
quality of bathymetric returns.  
 

 

Fig ure 3 ï Sample l idar swath output showing coverage of project area . 

BORESIGHT AND RELATI VE ACCURACY  

The initial points for each mission calibration are inspected for flight line errors, flight line 
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS. 



Puerto Rico and US Virgin Islands Topobathy Report of Survey 
February 24, 2020 
 

10 
 

Roll, pitch and yaw are optimized during the calibration process until the relative accuracy is 
met. 
 
Relative accuracy and internal quality are checked using between swaths. Vertical differences 
between ground surfaces of each line are displayed. Color scale is adjusted so that errors greater 
than the specifications are flagged. Cross sections are visually inspected across each block to 
validate point to point, flight line to flight line and mission to mission agreeme nt. 
 
For this project the specifications used are as follow: relative accuracy Ò 6 cm maximum 
differences within individual swaths and Ò 8 cm RMSDz between adjacent and overlapping 
swaths. 
 
  

 

Figure 4 ï Profile views showing correct roll and pitch adjustments.  
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Figure 5 ï QC block colored by vertical difference to ensure accuracy at swath edges and throughout . 

REFRACTION CORRECTIO N 

Bathymetric data must have a refraction correction applied, which cor rects the horizontal and 
vertical (depth) positions of each data point by accounting for the change in direction and speed 
of light as it enters and travels through water.   The refraction correction was performed by LEG 
using RiProcess.   

PRELIMINARY VERTICAL  ACCURACY  ASSESSMENT  

A preliminary RMSE z error check is performed by LEG at this stage of the project life cycle in 
the raw lidar  dataset against GPS static and kinematic data and compared to RMSEz project 
specifications. The lidar  data is examined in non-vegetated, flat areas away from breaks. Lidar  
ground points for each flight line generated by an automatic classification routine are used. 
 
Prior to delivery to Dewberry, the elevation data was verified to ensure it met Non-vegetated 
Vertical Accuracy (NVA) requirements (RMSEz Ò 10 cm and Accuracyz at the 95% confidence 
level Ò 19.6 cm) when compared to static and kinematic GPS checkpoints.  
 
A control bias of -11cm was applied to the dataset as whole. The statistical results  with the -11 cm 
bias applied are provided in table 5. 
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100 % 
of 

Totals  

# of 
Points  

RMSEz (m)                       
NVA 

Spec= 0.100  
m                  

NVA at 95% 
Spec=0.196 

m  

Mean 
(m)  

Std 
Dev 
(m)  

Non-
Vegetated 
Terrain  

66 0.049  0.097 -0.004  0.049  

Table 5 ï Static GPS vertical accuracy results.  

 
Overall the calibrated lidar  data products collected by LEG meet or exceed the requirements set 
out in the SOW. 

Lidar  Processing & Qualitative Assessment  

INITIAL PROCESSING  

Dewberry performs several validations on the dataset prior to starting full -scale production on 
the project. These validations include vertical accuracy of the swath data, inter-swath (between 
swath) relative accuracy validation, intra -swath (within a sing le swath) relative accuracy 
validation, verification of horizontal alignment between swaths, and confirmation of point 
density and spatial distribution. This initial assessment allows Dewberry to determine if the data 
are suitable for full -scale production. Addressing issues at this stage allows the data to be 
corrected while imposing the least disruption possible on the overall production workflow and 
overall schedule.   
  
   

Final Swath Vertical Accuracy Assessment  
Dewberry tested the vertical accuracy of the non-vegetated terrain swath data prior to additional 
processing. Dewberry tested the vertical accuracy of the swath data using the one hundred and 
twenty-seven non-vegetated (open terrain and urban) independent survey check points. The 
vertical accuracy is tested by comparing survey checkpoints in non-vegetated terrain to a 
triangulated irregular network (TIN) that is created from the raw swath points. Only 
checkpoints in non-vegetated terrain can be tested against raw swath data because the data has 
not undergone classification techniques to remove vegetation, buildings, and other artifacts 
from the ground surface. Checkpoints are always compared to interpolated surfaces from the 
lidar  point cloud because it is unlikely that  a survey checkpoint will be located at the location of 
a discrete lidar  point. Dewberry typically uses LP360 software to test the swath lidar  vertical 
accuracy, Terrascan software to test the classified lidar  vertical accuracy, and Esri ArcMap to 
test the DEM vertical accuracy so that three different software programs are used to validate the 
vertical accuracy for each project.  Project specifications require a NVA of 19.6 cm based on the 
RMSEz (10 cm) x 1.96. The dataset for the Puerto Rico and US Virgin Islands Topobathemetric 
Lidar Project satisfies this criteria. Th is raw lidar  swath data set was tested to meet ASPRS 
Positional Accuracy Standards for Digital Geospatial Data (2014) for a 10 cm RMSEz Vertical 
Accuracy Class.  Actual NVA accuracy was found to be RMSEz = 7.7 cm, equating to +/ - 15.0 cm 
at 95% confidence level.  The table below shows all calculated statistics for the raw swath data. 
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100 % 
of 

Totals  

# of 
Points  

RMSEz  (m)                       
NVA 

Spec=0.100 
m                 

NVA - Non -
vegetated 
Vertical 

Accuracy 
((RMSEz x 

1.9600)  
Spec=0.196 m  

Mean 
(m)  

Median 
(m)  

Skew  
Std 
Dev 
(m)  

Min 
(m)  

Max 
(m)  

Kurtosis  

NVA 127 0.077 0.150 -0.036 -0.042  -0.052 0.068  -0.284 0.141 0.519 

Table 6 ï NVA  at 95% confidence l evel  for raw swaths.  

Inter -Swath (Between Swath) Relative Accuracy  
Dewberry verifies inter -swath or between swath relative accuracy of the dataset by creating 
Delta-Z (DZ) orthos.  According to the SOW and ASPRS Positional Accuracy Standards for 
Digital Geospatial Data, 10 cm Vertical Accuracy Class or QL2 data must meet inter -swath 
relati ve accuracy of 8 cm RMSDz or less with maximum differences less than 16 cm.  These 
measurements are to be taken in non-vegetated and flat open terrain using single or only 
returns from all classes.  Measurements are calculated in the DZ orthos on 1-meter pixels or cell 
sizes.  Areas in the dataset where overlapping flight lines are within 8 cm of each other within 
each pixel are colored green, areas in the dataset where overlapping flight lines have elevation 
differences in each pixel between 8 cm to 16 cm are colored yellow, and areas in the dataset 
where overlapping flight lines have elevation differences in each pixel greater than 16 cm are 
colored red.  Pixels that do not contain points from overlapping flight lines are colored 
according to their intensity values.  Areas of vegetation and steep slopes (slopes with 16 cm or 
more of valid elevation change across 1 linear meter) are expected to appear yellow or red in the 
DZ orthos.  If the project area is heavily vegetated, Dewberry may also create DZ Orthos from 
the initial ground classification only, while keeping all other parameters consistent.  This allows 
Dewberry to review the ground classification relative accuracy beneath vegetation and to ensure 
flight line ridges or other issues do not exist in the final classified data.   
 
Flat, open areas are expected to be green in the DZ orthos.  Bathymetric areas may be yellow or 
red due to varying elevations of returns within the water column.  Large or continuous sections of 
yellow or red pixels following flight line patterns and not the terrain, vegetation, or bathymetric 
areas can indicate the data was not calibrated correctly or that there were issues during acquisition 
that could affect the usability of the data.  The DZ orthos for Puerto Rico and US Virgin Islands 
Topobathemetric Lidar Project are shown in the figure below; this project meets inter -swath 
relative accuracy specifications. 
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Figure 6 ï DZ ortho images . Offsets between flight lines of 0 -8 cm are green, 8 -16 cm are yellow, and 
above 16 cm are red. Larger offsets in vegetated and bathymetric areas are expected as different 
returns from water column and vegetation can occur between different fli ght lines. Inter -swath 

relative accuracy passes specifications.  

 

Intra -Swath (Within Swath) Relative Accuracy  
Dewberry verifies the intra -swath (within swath) relative accuracy by using Esri and GeoCue 
software to generate Z-range rasters that colorize the precision of the laser point density within 
each swath. Visual inspections are performed using these z-range rasters. Areas that are not 
aligned with project specifications are flagged and investigated. According to the SOW and 
ASPRS Positional Accuracy Standards for Digital Geospatial Data, 10 cm Vertical Accuracy Class 
or QL2 data must meet intra-swath relative accuracy of 6 cm maximum difference or less.    
 

 

Figure 7 ï Intra -swath relative accuracy. Areas  where the maximum difference is Ò6 cm per pixel 
within each swath are colored green and areas exceeding 6 cm are colored red.  Flat, open areas  like 

this runway are the most reliable metric of intra -swath relative accuracy. Intra -swath relative 
accuracy passes specifications  for this project .   
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Horizo ntal Alignment  
To ensure horizontal alignment between adjacent or overlapping flight lines, Dewberry uses 
QTM scripting and visual reviews.  QTM scripting is used to create files similar to DZ orthos for 
each swath but this process highlights planar surfaces, such as roof tops.  In particular, 
horizontal shifts or misalignments between swaths on roof tops and other elevated planar 
surfaces are highlighted.  Visual reviews of these features, including additional profile 
verifications, are used to confirm the  results of this process.  The image below shows an example 
of the horizontal alignment between swaths for Puerto Rico and US Virgin Islands 
Topobathemetric Lidar Project ; no horizontal alignment issues were identified.  
 

 

Figure 8  ï Two separate flight lin es differentiated by color (Green / Red ) are shown in this profile. 
There is no visible horizontal offset between these two flight lines.  

Point Density and Spatial Distribution  
For topographic areas, the required Nominal Point Spacing (NPS) for this project is no greater 
than 0.71 meters, which equates to a Nominal Point Density ( NPD) of 2 points per square meter 
(ppsm) or greater. For bathymetric areas, the required Nominal Point Spacing (NPS) for this 
project is no greater than 1.41 meters, which equates to a Nominal Point Density ( NPD) of 0.5 
ppsm or greater.  
 
Density calculations were performed using first return data only located in the geometrically 
usable center portion (typically ~90%) of each swath.  The project area was determined to have 
a combined NPS of 0.48 meters or an NPD of 4.28 ppsm which satisfies the project 
requirements.  A visual review of a 1-square meter density grid (figure 9) shows that there are 
some 1-meter cells that do not contain 2 ppsm (red areas) due to the irregular spacing of lidar 
point cloud data  and the inclusion of bathymetric areas in the 2 ppsm count (bathymetric areas 
are considered passing if they have 0.5 ppsm).  Most cells contain at least 2 ppsm (green areas) 
and when density is viewed/analyzed by representative 1-square kilometer areas (to account for 
the irregular spacing of lidar point clouds), density passes with no issues.   
 

  

Figure 9 ï 1-square meter density grid.  T here are some 1 -meter cells that do not contain 2 ppsm  (red 
areas) due to the irregular sp acing of lidar point cloud data and inclusion of bathymetric areas in this 

more stringent threshold.   Most 1 -sqaure meter cells contain at least 2 points per square m eter 
(green areas) showing there are no systematic density issues.  W hen density is viewed/analyzed by 

representative 1 -square kilometer areas, density passes with no issues.    


































































