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Glossary of Terms

Term Description

AGL Above Ground Level

AGPS Airborne Global Positioning System
ANPD Aggregate Nominal Pulse Density

ANPS Aggregate Nominal Pulse Spacing

ASPRS American Society of Photogrammetry and Remote Sensing
AT Aerial Triangulation

CcD Compact Disk

CMS Certified Mapping Scientist

CORS Continuous Operating Reference Station
CP Certified Photogrammetrist

CVA Consolidated Vertical Accuracy

DACSO Digital Airborne Camera System

DEM Digital Elevation Model

DFIRM Digital Flood Insurance Rate Maps

DSM Digital Surface Model

DTM Digital Terrain Model

DVD Digital Versatile Disk / Digital Video Disk
DXF Data Exchange Format / Drawing Interchange
FIRM Flood Insurance Rate Maps

FEMA Federal Emergency Management

FGDC Federal Geographic Data Committee
FVA Fundamental Vertical Accuracy

FY Fiscal Year

GIS Geographic Information System

GISP Geographic Information System Professional
GNSS Global Navigation Satellite System

GPS Global Positioning System

GSD Ground Sample Distance

HARN High Accuracy Reference Network

HDD Hard Drive Disk

HPGN High Precision Geodetic Network

IMU Inertial Measurement Unit

INS Inertial Navigation System

LAS (or .las) fi industry accepted LIDAR data exchange file format
LB License Business

LS Land Surveyor

LiDAR (or Lidar) Light Detection And Ranging
MARS® Merrick Advanced Remote Sensing
Merrick Merrick & Company

MSL Mean Sea Level

NAD North American Datum

NDEP National Digital Elevation Program

NGP National Geospatial Program

NGS National Geodetic Survey

NMAS National Map Accuracy Standards

No. Number

NPS Nominal Point Spacing
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NSRS
NSSDA
NVA
OPUS
PDOP
PLS
PLSS
ppsm
PSM
QLL
QL2
RLS
RGB
RGBNIR
RMSE
SBET
SHA
SPCS
SVA
TIN
USGS
VVA
XML

National Spatial Reference System
National Standard for Spatial Data
Non-vegetated Vertical Accuracy
Online Positioning User Service
Positional Dilution Of Precision
Professional Land Surveyor

Public Land Survey System

Points (or pulses) per square meter
Professional Surveyor and Mapper
Quality Level One

Quality Level Two

Registered Land Surveyor

Red, Green, Blue (i.e., three-band image)
Red, Green, Blue, Near Infra-Red (i.e., four-band image)
Root Mean Square Error

Smoothed Best Estimated Trajectory
Secured Hash Standard

State Plane Coordinate System
Supplemental Vertical Accuracy
Triangular Irregular Network

United State Geological Survey
Vegetated Vertical Accuracy
eXtensible Markup Language
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Project Summary

Merrick & Company (Merrick) was awarded the Southeastern and Northeastern Colorado Lidar project by the
Department of Natural Resources (DNR) Colorado Water Conservation Board (CWCB) to provide high resolution
lidar terrain mapping for supporting natural resource and infrastructure projects. The project area covers all or
portions of Logan, Sedgwick, Phillips, Washington, Yuma, Bent, Prowers, Las Animas, Kiowa, and Baca Counties
in the State of Colorado. The AOI covers a total of approximately 12,035.76 square miles with a QL2 lidar
specification.

The lidar mapping requirements and deliverables meet Quality Level Two (QL2) standards for final deliverables
as outlined in the USGS-NGP Lidar Base Specifications, Techniques and Methods 11fiB4, Version 1.3, February
2018 (TM11-B4) (http://pubs.usgs.gov/tm/11b4/pdf/tm11-B4.pdf). QL2 lidar specifications suggest a pulse
density of greater than or equal to eight pulses per square meter Jk#22>1K Aggregate Nominal Pulse Density
(ANPD), and pulse spacing of less than or equal to thirty-five centimeters JISI0%d.K Aggregate Nominal Pulse
Spacing (ANPS).

The vertical accuracy requirements of the lidar data meets or exceeds the following:

Absolute Vertical Accuracy
196,1 RMSEz
198I: , 1 Non-vegetated Vertical Accuracy (NVA) at the 95% confidence level
I#9IR, 1 Vegetated Vertical Accuracy (VVA) at the 95% percentile

Relative Vertical Accuracy
I: , 1 within individual swaths (smooth surface repeatability)
1&, 1 RMSD; within swath overlap (between adjacent swaths)

Project Spatial Reference
Horizontal Datum @ North American Datum of 1983 (NAD 83)
Epoch fi National Adjustment of 2011 (NA2011) (epoch 2010.00)
Geoid i GEOID 12B
Vertical Datum fi North American Vertical Datum of 1988 (NAVD 88)
Projection fi Colorado State Plane Coordinate System (SPCS), North and South Zones
Units Ai U.S. Foot

CONTACT INFORMATION
Questions regarding this report should be addressed to:
Doug Jacoby, CMS, GISP
Program Manager
Merrick & Company
5970 Greenwood Plaza Blvd.
Greenwood Village, CO 80111
T: +1 303-353-3903
Doug.jacoby@merrick.com
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Project Report

The contents of this report summarize the methods used to calibrate and classify the lidar data as well as the
results of these methods for the Southeastern and Northeastern Colorado Lidar project.

Lidar Flight Information

The acquisition area for the Southeastern and Northeastern Colorado Lidar project is delineated by the extent of
the client approved Esri shapefile (CWCB_2019_BPA_utm13_new). Merrick acquired the QL2 lidar point cloud
utilizing an Optech Galaxy PRIME lidar sensor. The Galaxy is a high performance lidar sensor capable of
collecting large areas efficiently. The project was flown and then processed and delivered in sections (4 Blocks),
1-3in Colorado South Zone and 4 in Colorado North Zone coordinate system.
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Aerial Mission(s)

Lidar acquisition was collected using a fixed wing aircraft and an Optech Galaxy PRIME lidar sensor staging from
a variety of airports around the project area. Lidar data collection for the project was accomplished between
July 31, 2019 and October 5, 2019. Each mission represents a lift of the aircraft and system from the ground,
collects data, and lands again. Multiple lifts within a day are represented by Mission A, B, C, and D. The table
below relates each mission to the date collected, the sensor and serial number used, and the actual average
MSL in meters.

Actual

.. Sensor Avg.

Mission(s) /N MSgL

(m)
190731_A July 31,2019 [ 5060380 3885
190804 _A August 4, 2019 | 5060380 3910
190809 _A August 9, 2019 | 5060380 4120
190810 _A August 10, 2019 | 5060380 4010
190811 _A August 11,2019 | 5060380 4060
190812_A August 12,2019 | 5060380 4460
190812_B August 12,2019 | 5060380 3920
190813 A August 13,2019 | 5060380 4340
190815_A August 15,2019 | 5060380 4370
190815 _B August 15,2019 | 5060380 3900
190816_A August 16,2019 | 5060380 4275
190817_A August 17,2019 | 5060380 4090
190817_B August 17,2019 | 5060380 3940
190818 A August 18,2019 | 5060380 4000
190818 B August 18,2019 | 5060380 4080
190819 A August 19, 2019 | 5060380 4085
190819 B August 19,2019 | 5060380 4065
190820_A August 20,2019 | 5060380 4050
190820 _B August 20, 2019 | 5060380 3990
190822_A August 22,2019 | 5060380 4060
190822_B August 22,2019 | 5060380 4050
190825_A August 25,2019 | 5060380 4200
190826_A August 26,2019 | 5060380 3945
190828 A August 28,2019 | 5060380 3940
190829 A August 29, 2019 | 5060380 4080
190901 A September 1,2019 | 5060380 4000
190903 _A September 3,2019 | 5060380 4005
190903_B September 3,2019 | 5060380 4020
190907_A September 7,2019 | 5060380 4025
191005_A October 5, 2019 | 5060380 4570
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GNSS / IMU Data

A five-minute INS initialization is conducted on the ground, with the aircraft engines running, prior to flight, to
establish fine-alignment of the INS. GPS ambiguities are resolved by flying within ten kilometers of the base
stations. During the data collection, the operator recorded information on log sheets which includes weather
conditions, lidar operation parameters, and flight line statistics. Near the end of the mission, GPS ambiguities
were again resolved by flying within ten kilometers of the base stations to aid in post-processing. Data is sent
back to the main office for preliminary processing to check overall quality of GPS / INS data and to ensure
sufficient overlap between flight lines. Any problematic data may be re-flown immediately as required.

The airborne GPS data was post-processed using Applanix POSPac Mobile Mapping Suite version 8.x. A fixed-bias
carrier phase solution was computed in both the forward and reverse chronological directions. Whenever
practical, lidar acquisition was limited to periods when the PDOP was less than 4.0. PDOP indicates satellite
geometry relating to position. Generally, PDOPis of 4.0 or less result in a good quality solution, however PDOPis
between 4.0 and 5.0 can still yield good results most of the time. PDOPis over 6.0 are of questionable results and
PDOPis of over 7.0 usually result in a poor solution. Usually as the number of satellites increase the PDOP
decreases. Other quality control checks used for the GPS include analyzing the combined separation of the
forward and reverse GPS processing from one base station and the results of the combined separation when
processed from two different base stations. An analysis of the number of satellites, present during the flight and
data collection times, is also performed.

The GPS trajectory was combined with the raw IMU data and post-processed using POSPac Mobile Mapping
Suite version 8.x. The SBET and refined attitude data are then utilized in the LMS Post Processor to compute the
laser point-positions i the trajectory is combined with the attitude data and laser range measurements to
produce the 3-dimensional coordinates of the mass points. Up to four return values are produced within the
Optech LMS processor software for each pulse which ensures the greatest chance of ground returns in a heavily
forested area.

GPS Controls

Virtual Ground GNSS Base Station(s) were used to control the lidar airborne flight lines. Trimble CenterPointd
RTXO correction service is a high-accuracy, satellite-delivered global positioning service. This technology
provides high-accuracy GNSS positioning without the use of traditional reference station-based differential RTK
infrastructure and delivers very high cm level accuracy. In addition, CORS (Continually Operating Reference
Stations) are at times used to further enhance the airborne solution.

Lidar Calibration fi see appendix 1 for a more detailed workflow description

Merrick takes great care to ensure all lidar acquisition missions are carried out in a manner conducive to post-
processing an accurate data set. This begins in the flight-planning stage with attention to GPS baseline distances
and GPS satellite constellation geometry and outages. Proper AGPS surveying techniques are always followed
including pre- and post-mission static initializations. In-air IMU alignments (figure-eights) are performed both
before and after on-site collection to ensure proper calibration of the IMU accelerometers and gyros.

A minimum of one cross-flight is planned throughout the project area across all flightlines and over roadways
where possible. The cross-flight provides a common control surface used to remove any vertical discrepancies
in the lidar data between flightlines. The cross-flight is critical to ensure flightline ties across the project area.
The areas of overlap between flightlines are used to boresight (calibrate) the lidar point cloud to achieve proper
flightline to flightline alignment in all three axes. This includes adjustment of both IMU and scanner-related
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variables such as roll, pitch, heading, timing interval (range), and torsion. Each lidar mission flown is

accompanied by a hands-on boresight in the office.

After boresighting is complete a detailed statistical report is generated to check relative and absolute accuracies

before filtering of lidar begins.

Relative Accuracy fi flight line to flight line

The project representative flight line separation raster (below) depicts the vertical separation of flight lines by

thematically coloring the separation magnitude on a color ramp based on relative distance.
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I
0 0.080 0.160 0.240 0.800 (Meter)
0 0.262 0.525 0.787 2.625 (Feet)

Survey fi Lidar Calibration Control / Lidar Checkpoints

Merrick surveyors established lidar calibration and lidar checkpoints spatially distributed across the project AOI
as the method to validate absolute vertical accuracy. See Appendix 2 for more detailed survey reporting.

Unfiltered Lidar Control Point Report

The following statistical results of the lidar data compared to the lidar control points post-calibration. The results
show the difference between the lidar points and the 133 surveyed ground points, 45 Colorado North Zone and
88 Colorado South Zone, used for lidar calibration.
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Colorado North Zone

Project Data Unit: U.S. Survey Foot

Vertical Accuracy Class tested: 10.0-cm

Elevation Calculation Method: Interpolated from TIN
LiDAR Classifications Included: 2/0 Ground (All)/OW

Check Points in Report: 45

Check Points with LIDAR Coverage: 45

Check Points (NVA): 45

Check Points (VVA): 0

Average Vertical Error Reported: -0.002 U.S. Survey Foot

Maximum (highest) Vertical Error Reported: 0.37 U.S. Survey Foot

Median Vertical Error Reported: 0.013 U.S. Survey Foot

Minimum (lowest) Vertical Error Reported: -0.413 U.S. Survey Foot

Standard deviation of Vertical Error: 0.186 U.S. Survey Foot

Skewness of Vertical Error: -0.300

Kurtosis of Vertical Error: -0.478

Non-vegetated Vertical Accuracy (NVA) RMSE(z): 5.612cm PASS

Non-vegetated Vertical Accuracy (NVA) at the 95% Confidence Level +/-: 11.000cm PASS
FGDC/NSSDA Vertical Accuracy at the 95% Confidence Level +/-: 11.000cm
Non-vegetated Vertical Accuracy (NVA) RMSE(z) (DEM): 5.760cm PASS

Non-vegetated Vertical Accuracy (NVA) at the 95% Confidence Level +/- (DEM): 11,289cm PASS

This data set was tested to meet ASPRS Positional Accuracy Standard for Digital Geospatial Data (2014) for a 10.0-cm RMSEz Vertical Accuracy
Class. Actual NVA accuracy was found to be RMSEz = 5.612cm, equating to +/- 11.000cm at the 95% confidence level.

Colorado South Zone

Project Data Unit: U.S. Survey Foot

Vertical Accuracy Class tested: 10.0-cm

Elevation Calculation Method: Interpolated from TIN
LiDAR Classifications Included: 2/0 Ground (All})/OW

Check Points in Report: 88

Check Points with LiDAR Coverage: 88

Check Points (NVA): 88

Check Points (VVA): 0

Average Vertical Error Reported: 0.000 U.S. Survey Foot

Maximum (highest) Vertical Error Reported: 0.306 U.S. Survey Foot

Median Vertical Error Reported: -0.004 U.S. Survey Foot

Minimum (lowest) Vertical Error Reported: -0.383 U.S. Survey Foot

Standard deviation of Vertical Error: 0.132 U.S. Survey Foot

Skewness of Vertical Error: -0.192

Kurtosis of Vertical Error: 0.128

Non-vegetated Vertical Accuracy (NVA) RMSE(z): 3.988cm PASS

Non-vegetated Vertical Accuracy (NVA) at the 95% Confidence Level +/-: 7.816cm PASS
FGDC/NSSDA Vertical Accuracy at the 95% Confidence Level +/-: 7.816ecm
Non-vegetated Vertical Accuracy (NVA) RMSE(z) (DEM): 4.143cm PASS

Non-vegetated Vertical Accuracy (NVA) at the 95% Confidence Level +/- (DEM): 8.120cm PASS

This data set was tested to meet ASPRS Positional Accuracy Standard for Digital Geospatial Data (2014) for a 10.0-cm RMSEz Vertical Accuracy
Class. Actual NVA accuracy was found to be RMSEz = 3.988cm, equating to +/- 7.816cm at the 95% confidence level.
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Lidar Control Point Layout
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