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EXECUTIVE SUMMARY

With the support of ESTCP Project 200031, an airborne version of the MTADS vehicular towed
array has been developed and demonstrated. The objective of this project was to produce an
efficient and economical UXO survey system with production rates and costs appropriate for the
survey of large tracts of land. While the system we developed is ideally suited to localizing
burial caches of ordnance and establishing areas that are uncontaminated, it also retains all the
typical MTADS capability of detecting, locating, and identifying individual ordnance items. The
Airborne MTADS is capable of detecting ordnance the size of 2.75-in rocket warheads (and
larger).

The system deploys a linear array of 7 Cs-vapor magnetometers spaced at 1.5-m intervals in a
forward-mounted boom. The system is certified for operation on all models of the Bell Long
Ranger helicopter. Two GPS units mounted on the forward boom provide positioning and
helicopter roll and yaw measurements. An inertial measurement unit and a 3-axis fluxgate
gradiometer, also in the sensor boom, redundantly provide additional attitude measurements.
Laser, radar, and acoustic altimeters provide altitude information. A pilot guidance display
provides survey progress and platform information in real time. The data acquisition electronics
rack, mounted in one of the rear seat positions, is interfaced to all system components.

This report documents the performance of the Airborne MTADS at three ranges containing both
live ordnance and inert, seeded ordnance.

The first demonstration was at the Badlands Bombing Range, which was used for many years for
ground artillery training (105-mm, 155-mm, and 8-in projectiles). The airborne system
performance was evaluated against the vehicular MTADS in a 110-acre survey (which included
a 10-acre area where inert projectiles were blind seeded). All targets in the vehicular and
airborne target reports were dug. The Airborne MTADS then surveyed an additional 1,600
acres. About one half of the targets in this target report were also dug. The vehicular and
airborne systems’ ordnance detection capabilities were indistinguishable from one another,
although the ability to distinguish ordnance from clutter was more difficult from the airborne
platform, requiring about 40% more targets to be dug. This range had rather sparse densities of
fairly large targets, and the geology was relatively benign. Airborne survey production rates
were nearly 500 acres per survey day.

The second demonstration was at the Aberdeen Proving Ground on 5 sites containing different
ordnance types and densities. Topographies varied from benign to trees and brush, wetlands,
freshwater ponds, and marine offshore areas. Inert ordnance was seeded into 3 of the sites,
including one area that had not previously been used as a range. Detection of the seed targets
varied from very good on the airport site to near zero on a highly cluttered range. Detection of
ordnance (81-mm and 105-mm) was difficult in the ponds, but straightforward in the offshore
areas populated by larger targets. Surveying over water without fixed pontoons is limited to
small ponds or rivers, or to vary shallow water. Extensive, preexisting targets were dug on one
of the highly cluttered ranges; more than 30% of the recovered targets were ordnance. The
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Airborne MTADS performance was measured against blind seeded targets and relative to
another airborne survey system fielded by Oak Ridge National Laboratory. The Airborne
MTADS production rate on these small sites was only about 35 acres/hour.

The third demonstration was at the Isleta Pueblo in New Mexico on a range used for airborne
training during the 1950s. This range has a prominent, central bull’s eye, which was populated
by a high density of buried ordnance and ordnance-related clutter. Areas north and south of the
bull’s eye were surveyed by the vehicular MTADS. In these 100-acre areas, small (60-mm and
81-mm) and medium (105-mm and 155-mm) seeded targets had also been placed. These areas
had both a relatively high density of metallic clutter and significant geological interferences.
The vehicular survey detection capability for the seeded targets was better than that of the
airborne systems. The Airborne MTADS and the airborne ORNL survey systems each surveyed
about 1500 acres centered on the bull’s eye. Extensive targets were dug from these target
reports, enabling the relative performances of the two systems to be compared. The Airborne
MTADS production rate on this desert range approached 50 acres per hour.

The Airborne MTADS has proven itself to be an efficient and highly reliable survey platform to

conduct UXO geophysical investigations on several ranges, against a variety of ordnance threats
in areas with different geologies, topographies, and vegetation.
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AIRBORNE UXO SURVEYS USING THE MTADS

1. Introduction
1.1 Background
1.1.1 The UXO Problem

Buried unexploded ordnance (UXO) is arguably the most serious and prevalent environmental
problem currently facing Department of Defense (DoD) facility managers. Not limited to active
military bases and test ranges, these problems also occur at DoD sites that are currently dormant,
and in areas adjacent to military ranges that belong to the civilian sector or are under control of
other government agencies. The amount of land affected is generally agreed to be in excess of
10 million acres in the continental US. UXO mitigation and remediation requirements assume
even more compelling proportions when the DoD lands involve Formerly Used Defense Sites
(FUDS) or Base Realignment and Closure (BRAC) sites. These sites must be cleaned to an
appropriate level and certified as suitable for their intended end use. Stakeholders must be
informed and educated about the meaning of any imposed land use restrictions, and these
limitations must become part of the deed registrations that will be associated with the treated
areas in perpetuity. Oversight and evaluation of these processes involve non-DoD entities,
including the EPA; state, county, and local governments; and the civilian community.

1.1.2 Automated Geo-referenced Surveys

SERDP, ESTCP, and the US Army Environmental Center UXO Advanced Technology Demonstration
Programs for nearly a decade have been addressing the need for more moderm, automated UXO detection
and characterization technologies. These investments have resulted in the development, demonstration,
and commercialization of automated site characterization technologies such as the Multi-sensor Towed
Array Detection System (MTADS). The original MTADS consists of a tow vehicle and two low, self-
signature tow platforms: one for an eight-sensor magnetometer array, the other for a three-sensor, time-
domain, electromagnetic (EM), pulsed-induction array.' MTADS uses GPS for navigation, recording sensor
position locations, and survey guidance; in addition, it employs a sophisticated data analysis system.
MTADS has demonstrated relatively rapid and efficient surveying of large sites, with commensurate
economic benefits, for the full range of buried UXO items at their maximum likely penetration depths.”®
On ranges with relatively uncomplex use histories (i.e., ranges involving the use of similar types of
ordnance, such as only air-deployed bombs and practice bombs, or only surface gun-fired projectiles, etc.),
routine UXO detection probabilities of greater than 95% are often achieved in areas without severe
geological interferences. More importantly, these automated UXO site characterization systems are
typically deployed with satellite-based survey guidance and navigation support. Use of fully integrated
GPS navigation enables sensor measurements to be time- and location-stamped so that the survey products
are geo-referenced digital maps of the survey area for which buried target signals can be analyzed using
physics-based fitting algorithms.  The survey products are compatible with GIS mapping
technologies. The survey results can thus be permanently archived, used for QA/QC evaluations,
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organized to support subsequent (including delayed) remediation activities, and used to evaluate or
defend the performance of the system if legally challenged. A single vehicular-based automated
survey system typically covers an area of 15-20 acres per day. In extended surveys, all of the UXO
site characterization activities, including the survey, target analysis, and preparation of reporting
documents to support remediation activities, can be delivered for $400-$1000 per acre depending upon
the size and complexity of the site. The MTADS technology was transitioned to the commercial
sector (Blackhawk Geometrics, Inc.) by means of a Cooperative Research and Development
Agreement (CRADA)° and is currently being used to provide commercial UXO services to the DoD.
Other commercial UXO service providers have developed similar capabilities, building on the MTADS
successes, which are also being marketed to the DoD for UXO site characterization.

This technology has provided a huge step forward in capability, efficiency, and economy for UXO site
characterization. The DoD, the US Environmental Protection Agency,'’ and the Army Corps of
Engineers have sanctioned this approach as the preferred technology that should be used by default
unless there are mitigating circumstances. While this has been declared the technology of choice, only
a small fraction of the UXO site characterization activities is currently being carried out using the
modern technology. There are purportedly three mitigating circumstances justifying the continued use
of Mag and Flag for UXO surveys. These include sites that are too small to justify use of vehicular
systems, sites where forest canopies or limited sky visibility precludes the use of GPS, and sites where
the surface geology or topology is not suitable for vehicular surveys and that are too small for cost-
effective airborne surveys. These three limitations have been addressed by the man-portable MTADS
adjuncts, which employ both GPS and acoustic navigation systems. Under ESTCP Project 199811,
(“Portable UXO Detection System Adjuncts to MTADS)” NRL developed and demonstrated man-
portable adjuncts to the vehicular MTADS arrays: a man-portable magnetometer system (MMS) and a
man-portable EM system (EMMS).!"® Each system is implemented with either GPS or acoustic
navigation to enable surveying in areas without sky view. The system hardware enables MMS and
EMMS data to be combined with vehicular survey data, and a new data acquisition system for both the
vehicular and the man-portable systems uses a modified data analysis system to seamlessly process all
data sets. These man-portable adjuncts to the MTADS have also been transitioned to the commercial
sector through the CRADA with Blackhawk Geometrics.” Variants of the NRL man-portable MTADS
hardware, as demonstrated for ESTCP, are generally available from several commercial UXO service
providers.

One significant limitation of the man-portable systems is that while they have relatively modest
deployment and mobilization costs, they invariably are more expensive to operate (on a per-acre
basis) than the vehicular systems. Man-portable MTADS survey costs are typically similar to the
costs of Mag and Flag UXO survey products.”” Even given this limitation, use of the man-portable
MTADS is preferable because it provides digitally referenced survey products.

For very large sites where the costs associated with UXO surveys formerly precluded any
comprehensive action from being undertaken, the Airborne MTADS, described below, has become
a low cost, high production rate option.



1.1.3 The Airborne System

NRL, with the support of ESTCP Project 200031, has adapted the vehicular MTADS magnetometry
technology for deployment on an airborne platform."* The primary objective of this development is to
provide a UXO site characterization capability for extended areas that are inappropriate for vehicular
or man-portable surveys. Because the sensors on an airborne platform must be deployed farther from
the ground surface than those on vehicular or man-portable systems, it is understood that detection
sensitivity for single, smaller UXO items is compromised. It has been a goal of the development,
however, to retain as much detection sensitivity as possible for individual UXO targets.

Sites appropriate for airborne surveys include those with terrain that would be difficult to survey
efficiently with a vehicular system and those that are too extensive to economically evaluate with
vehicular or other approaches. Some sites, particularly on active ranges, are cluttered with a variety
of ordnance that makes clearance or even characterization activities potentially dangerous. There
are many formerly used ranges dating from World War II (and earlier) that are located in areas
involving tens or hundreds of thousands of acres with isolated bombing targets or impact ranges.
Locations of many of these impact areas (or ordnance burial caches) are either not known or
imprecisely known. Some of these areas are located on Native American reservations, while
others involve Closed, Transferred or Transferring (CTT) ranges. Therefore, an additional
objective of the development was that the final airborne system have survey production rates and costs
appropriate for exploring very large sites that would be prohibitively expensive to survey by other
techniques.

The first extended demonstration of the Airborne MTADS developed under ESTCP Project 200031
took place on a live ordnance range, the Impact Area of the Badlands Bombing Range (BBR) on the
Oglala Sioux Reservation near Interior, SD in September 2001." During this demonstration, a 10-acre
site seeded with 25 inert projectiles (105-mm, 155-mm, and 8-inch) was flown to enable comparison of
the system’s performance with that of the vehicular MTADS, which surveyed part of the same site. An
additional 1,600 acres were surveyed using the airborne system as part of continued cleanup efforts for
the entire Impact Area. Analysis of the airborne data collected over the seeded site resulted in a total
of 161 targets selected for digging, including all of the seeded projectiles and one live, HE-filled, 155-
mm projectile. The false-alarm ratio for this site was 161/26 = 6.2 digs per recovered intact UXO. A
total of 1,193 targets were analyzed from the 1600-acre survey, resulting (to date) in 527 excavations
and recovery of a total of 19 live UXO projectiles, including eleven 155-mm and eight 8-inch
projectiles.® For a further discussion of the BBR demonstration, see Section 3 of this report.

The second wide area demonstration of the Airborne MTADS developed under ESTCP Project 200031
took place at the Aberdeen Proving Ground (APG) in Maryland in late July 2002."° The survey plan
encompassed 550 acres of selected sites, including a 94-acre calibration site, and 456 additional acres in
areas with varying terrain types and UXO and clutter contamination levels. Seed target ground truth
results are available only from the Airfield, the Dewatering Ponds, and the Active Recovery Field. The
was Airfield site was a seeded area containing 105-mm projectiles and 60-mm and 81-mm mortars.
Even though the mortars were below the designed size-detection level of the Airborne MTADS, the
survey achieved an overall probability of detection (P4q) of 0.85, detecting 100% of the 105-mm



projectiles and 67% of the mortars. The five dewatering ponds were emplaced with seed targets. All
but one of the 105- and 155-mm targets were detected in the small ponds, but only about one-
third of the 105- and 155-mm targets were detected in the deeper, large pond. The detection
efficiency for the seed ordnance at highly-cluttered Active Recovery Field was vanishingly
small. For a further discussion of the APG demonstration, see Section 4 of this report.

The third wide-area demonstration'’ of the Airborne MTADS developed under ESTCP Project 200031
took place on the Isleta Pueblo in New Mexico in February 2003. The anticipated targets were M-38
and BDU-33 practice bombs and the emplaced inert seed ordnance. The ESTCP Program Office
arranged for 126 inert UXO items to be emplaced, including forty-two 105-mm projectiles, sixteen
2.75-in warheads, twenty-four 60-mm mortars, and forty-four 81-mm mortars. The number of
individual targets of each UXO type was unknown to the demonstrators. A vehicular MTADS survey
of 100 acres seeded with ordnance was to serve as a benchmark comparison for the airborne surveys.
The vehicular survey, which ultimately covered = 69.5 acres, did not begin until the airborne survey,
analysis, and target declarations for the area had been completed. The Demonstration Test Plan called
for a 1500-acre airborne survey centered on the bull’s-eye, site S1; 1408 acres were actually completed.
The airborne system was able to detect the mortars only under the most favorable noise conditions. For
a further discussion of the Isleta demonstration, see Section 5 of this report.

1.2 Objectives of the ESTCP Demonstrations
1.2.1 Prior MTADS Demonstrations

The great strengths of the vehicular MTADS are its sensitivity, which enables detection of all
ordnance to the maximum self-burial depth; the location accuracy of the navigation and
positioning system; the target analysis algorithms, which enable location of buried objects to
within their actual ordnance volume; and the analysis output products, which provide for the
efficient reacquisition and remediation of the targets.

1.2.2 Overall Development Objectives
The primary objectives of the Airborne MTADS program are enumerated below:

¢ Field an airborne magnetometer array capable of efficiently surveying and characterizing very
large or otherwise inaccessible areas associated with DoD bombing and target ranges.

e Ensure that the system has the capability to detect and characterize impact bull's eyes or buried
ordnance caches and to individually detect and characterize larger buried UXO targets.

e Incorporate in the airborne survey system the successful state-of-the-art developments
associated with the vehicular MTADS, including sensors, satellite-based navigation, efficient
data acquisition methods, and the DAS suite of utilities for data manipulation and target
analysis.



e Ensure that the system can create a permanent record in global coordinates of the positions of
all targets and create GIS-compatible survey graphics products.

1.2.3 Demonstration Support and Coordination

Funding for the BBR demonstration described in this report was provided by ESTCP Project 200031.
The Demonstration Test Plan'® and the Demonstration Report'> documented our activities for ESTCP.
All activities on the IA were coordinated with the BBR Project Office of the Oglala Sioux Tribe
(OST). The results of this study have subsequently led to additional surveys and remediation on this
range, which were sponsored by the Air Force Center for Environmental Excellence (AFCEE).

Our activities at the APG were coordinated with George Robitaille of Army Environmental Command
(AEC), Gary Rowe of the Aberdeen Test Center (ATC), and the Oak Ridge National Laboratory
(ORNL). Our APG demonstration" took place in coordination with The Wide Area UXO Aerial
Demonstration and Survey developed by AEC? with support by ESTCP Program 200103. The results
of the NRL Airborne MTADS Demonstration were documented in our Demonstration Report,'® and the
comparaztlive performances of the NRL and ORNL airborne systems were evaluated in a report prepared
by IDA.

The demonstration at the Isleta Pueblo (Bombing Target S1), sponsored by ESTCP, was coordinated
with AEC, ATC, the US Army Engineer Research and Development Center (ERDC), ORNL, and the
Environmental Department of the Isleta Pueblo. The site parameters, preparations, and the NRL
activities were described in the Demonstration Test Plan,” and the NRL survey results were described in
the Demonstration Report.'” Again, IDA evaluated the comparative performances of the NRL and
ORNL airborne systems in a separate report.”

1.3 Regulatory Issues

The regulatory issues affecting the UXO problem are most frequently associated with the BRAC and
FUDS processes involving the transfer of DoD property to other government agencies or to the civilian
sector. When transfer of responsibility to other government agencies or to the civilian sector takes
place, the DoD lands fall under the compliance requirements of the Superfund statutes. Section 2908
of the 1993 Public Law 103-160 then requires adherence to CERCLA provisions. The basic issues
center upon the assumption of liability for ordnance contamination on previously DoD-controlled
sites. These regulatory considerations do not apply to active DoD facilities.

The Airborne MTADS is an appropriate technology for addressing the UXO problem in areas where
the terrain cannot be traversed on foot, that are dangerous for ground activities, or that are too large to
economically survey with vehicular systems. These demonstrations provide data that can be used to
demonstrate a statistical probability of success for the detection and characterization of isolated
bombing targets or impact areas, ordnance burial caches, or individual ordnance, including a range of
large projectiles. These considerations are important in establishing the value of this approach and in
its ultimate acceptance by regulators and the stakeholder community.



Even within active ranges, such as at the APG, environmental concerns must be addressed because soil
and groundwater contamination by energetic residues and byproducts, and by heavy metals (As, Bi,
Pb, Sb, U, etc.) associated with ordnance components, may migrate to underground aquifers and
routinely, through run-off, reach other properties. Specifically at the APG, extensive (on base)
wetlands are used by migratory birds and other waterfowl; and marine estuaries and bays beyond the
APG boundaries (with known UXO contamination) are continually harvested for finfish and shellfish
by both private and commercial fishermen.

Conducting UXO geophysical surveys in shallow-water wetlands and in shallow offshore areas is
extremely difficult, expensive, and inefficient. The Airborne MTADS provides a technology
appropriate for addressing some of these challenges. These demonstrations enabled us to evaluate the
extent to which it can be applied in terrains that cannot be traversed on foot and in areas that are
dangerous for routine ground activities.



2. Technology Description
2.1 Technology Development and Application
2.1.1 System Specifications and Requirements

It was realized during our initial modeling studies that by using magnetometer arrays mounted on
helicopter platforms, the smallest military ordnance would not be detectible as individual targets.
Extensive modeling calculations were carried out to evaluate target signatures as a function of
altitude (i.e., the standoff distance between the target and sensor). Helicopter pilots were
interviewed to determine the practical flying limitations for altitude, payload, platform design,
and mission endurance that could be expected. We developed and refined the specifications and
requirements that became part of our original proposal and the development plan. Table 1 shows
a summary of the design specifications from the requirements document in the Airborne
MTADS development plan. We evaluated likely helicopters and conducted both static and
dynamic platform signature tests using magnetometers on the candidate helicopters. Ultimately,
based upon design, performance, and availability considerations, the Bell Long Ranger Series
was chosen. The report that we published following the BBR Impact Area demonstration'
described in detail the system development, including component and system integration and the
series of shakedown studies conducted at the Airfield at the Aberdeen Proving Ground. These
descriptions will not be repeated here.

Table 1. System specifications and requirements for the Airborne MTADS.

Activity Requirement
Survey Flight Duration 2 hours (including ferry & calibration time)
Survey Speed 10 - 20 m/sec
Lane Spacing 7.5 meters (nominal) *
Survey Area (Single Setup) 250 acres
Flights per Day 3 (single pilot)
Detection Sensitivity Isolated BDU-33 or 2.75-in warheads
Sensor Sensitivity 0.01 nT
Sensor Data Rate 100 Hz
GPS Navigation Data Rate 20 Hz
GPS Sensor Position Accuracy 5cm
Data Acquisition System (DAQ) Compatible with vehicular MTADS DAQ
Data Analysis System (DAS) Seamless integration with vehicular data

* Depending upon winds and pilot experience

2.1.2 Field Hardware

The Airborne MTADS system hardware incorporates an array of seven magnetometers on a
platform designed for mounting on a Model 206L Bell Ranger helicopter. The sensors are Cs-
vapor, full-field magnetometers (a variant of the Geometrics 822, designated as the Model



Figure 1 — Airborne MTADS survey hardware is
shown being installed on a Bell Long Ranger at the
Helicopter Transport Services hangar.

Figure 3 — The DAQ console is shown mounted in
the rear starboard seat position. Note the Trimble
Model MS-750 units mounted on the left side of the
rack.

Figure 2 — Airborne MTADS survey on the Active
Recovery Field. Note the 2-meter high vegetation that
stretches from this point to the shoreline.

822A). The specially selected magnetometers,
which are airborne quality, were acceptance
tested at the manufacturer’s facility to verify
sensitivity, sensor noise, heading error, dead
zones, inter-sensor  compatibility, and
performance with the multi-sensor—interface
electronics. The helicopter with the mounted
magnetometer array is shown in Figures 1 and
2. All sensors are interfaced to the data
acquisition system (DAQ) computer. The
DAQ electronics are contained in a rack
mounted in the rear starboard seat position in
the helicopter, Figure 3. The power
distribution interface is also in the rack, as are
readouts for all the sensor inputs. The
interface accepts the helicopter power (50
amps at 28 volts is available, we use ~20A)
and converts it as required for the various
sensors and DAQ electronics. An operator in
the rear port seat monitors the survey progress.
On the 9-meter boom, the seven sensors are
mounted with a 1.5-meter horizontal spacing.
The time-dependence of the Earth’s
background field is measured by an eighth
magnetometer deployed at a static surface site
during a survey. The sensor positions over the



surface of the Earth (latitude, longitude, and height above ellipsoid) are determined using
satellite-based GPS navigation, employing the latest real time kinematic (RTK) technology,
which provides a real-time position update (at 20 Hz) with an accuracy in the horizontal plane of
about 5 cm. Inaccuracies in the height above ellipsoid (HAE) typically are about twice those in
the horizontal plane. GPS satellite clock time is used to time-stamp both position and sensor
data information for later correlation.

Dual GPS antennas (Trimble Zephyrs), deployed on the forward horizontal boom, in addition to
providing the position over ground and the height above ellipsoid positions for sensor mapping,
provide boom roll and yaw attitude information for sensor location corrections. A separate
inclinometer provides the pitch attitude correction, and a fluxgate gradiometer provides three-
axis information that is used to derive aeromagnetic compensation corrections for the
magnetometer sensor data. Laser (Optech Sentinal, Model 3100DV) and radar (Terra, Model
TRA350/TRI40) altimeters mounted on fixtures attached to the rear hardpoint of the helicopter
provide two independent altitude measurements to the DAQ computer. The dual altimeters were
deployed because they provide complementary information when operating over water or
vegetated surfaces.

As a result of studies conducted during the shakedown tests and the demonstration survey at the
BBR, we decided to add an additional altimeter measurement capability to the platform. Three
downward-facing acoustic sensors were added to the system: One was mounted on each of the
forward-pointing yellow nipples (Figure 1) on the sensor boom, and a third was mounted
adjacent to the laser and radar altimeters. These sensors, nominally read at 10 Hz, provide a
much more comprehensive surface map, particularly when used in conjunction with the other
altimeters.

The helicopter pilot flies the survey using an onboard navigation guidance display developed
specifically for this application. The sunlight-readable screen is mounted to the right of the
instrument panel, Figure 4, so that it is in the field of view of the pilot without reducing his
ability to visualize the whole forward boom and the field immediately ahead of the helicopter.
The survey parameters are set up in this computer which shares the navigation and altimeter data
with the DAQ computer.

The navigation guidance display, Figure 5, provides left-right indicators, an altitude indicator, an
automatic line number increment, an adjustment for lateral offset, a color-coded flight swath
overlay, and the ability to zoom the presentation scale in or out on the display. The survey
course-over-ground (COGQG) is plotted for the pilot in real time on the display, as are presentations
showing the laser altimeter data and the GPS navigation fix quality. This enables the pilot to
respond rapidly to both visual cues on the ground and to the navigation guidance display. After a
survey, the pilot and the analyst can isolate and survey any missed areas before leaving the site.
The experience gained in the shakedown exercises was sufficient to enable surveys to be
conducted without the need for additional ground support personnel.
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Figure 4 — The navigation guidance display is Figure 5 — Close-up of the pilot navigation display
mounted on the starboard side of the cockpit for the screen showing the pilot is lining up on line 11
pilot’s use during surveys. (red) of the survey grid.

2.1.3 Data Preprocessing

Survey and navigation data recorded in the DAQ computer are transferred (using a ZIP disk or a
notebook computer) to the data analysis system (DAS) computer. The DAS software was
developed specifically for the MTADS (vehicular, man-portable, and airborne) as a standalone
suite of programs, written using IDL development tools, and graphical user interfaces (GUIs)
working in a UNIX-based workstation environment. Over a period of about two years, the
MTADS DAS was adapted to operate in a Windows™ environment on a PC. Unless very large
data sets are involved, ordinary field notebook computers are suitable to display, process, and
analyze survey data.

The first task of the analyst is inspection and preprocessing of the data in preparation for target
analysis. Initially, files are reviewed to determine sensor data quality. Necessary edits are
carried out to remove spurious sensor readings to clean up the navigation files. The background
readings for all the sensors in the array are leveled to null sensor offsets. Glitches in the GPS
navigation are corrected (if possible) using the COG presentations. Small offsets often occur
when the mix of satellites used in the solution changes. More serious glitches usually lead to
deletion of the affected part of the track. Typically, a 1000-point, down-the-track demedian filter
is applied to the data. This corrects for directional, platform-induced errors and for large-scale
geological interferences. The navigation and sensor files are then processed together to establish
a 3-D coordinate location for each magnetometer sensor reading. Finally, the individual survey
files are assembled into site survey maps (mapped data files). At this point, target analysis can
begin. Historically, these operations have been carried out using utilities associated with the
MTADS DAS. A working screen of the DAS is shown in Figure 6.
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o ¢ In the case of relatively isolated ordnance
| >__< mm (%) targets, the DAS employs resident physics-
e . — = __ based models to determine target size,
= position, and depth. Extensive data sets have
been acquired and processed to calibrate the
models. Using these models, we have
demonstrated probabilities of detection
approaching 100% on ranges that are not too
difficult and target location accuracies of
~15 cm with the magnetometer system.

e o o 2l LT Although we have achieved impressive
' results using the DAS, it has proven difficult
to transition the analysis utility to the general
Figurf-:* 6 — Working sgreen.of the MTADS DAS  [UXO user community. After the BBR
showing the survey project view on the left and an demonstration. we began performine the data
expanded analysis window on the right. L7 g, p g
preprocessing  functions, through the
generation of mapped data files, using a
commercial software utility, Geosoft’s Oasis montaj™. An example of a working screen from
Oasis montaj™ is shown in Figure 7.
The upper panel of the screen shows a
portion of the Oasis database, the . ——— == ,_
middle  shows ~ corrected  and | EEEEEG SN noEEn ]
uncorrected plots of a segment of one .
of the sensor tracks, and the lower | ™ w
panel shows a clip of the interpolated |~ : i
sensor data. In a separate ongoing
project at AETC,* the MTADS target
analysis algorithm is being integrated
as an operational adjunct to the Oasis
montaj™ suite of programs, which
will enable future users of the montaj™
system to conduct physics-based target
analysis using the MTADS analysis :
engine. More recently ESTCP has ™™™ T e
sponsored AETC to specifically adapt  pigure 7 - A working screen of Oasis montaj™ showing airborne
this development for use with airborne  data from the Isleta demonstration.
survey data.”
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2.1.3.1 Sensor Noise The treatment of magnetometry data to correct for platform- and
motion- induced signals, to a large extent, uses standard techniques. Some of these techniques
have been developed and applied during the vehicular MTADS projects. These include the use
of reference magnetometers to cancel diurnal field variations, a down-the-track demedian filter
to cancel sensor baseline drift, sensor leveling subtractions to cancel sensor zero offset
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A B differences, and spatial data filtering to
Fitersd suppress geological effects and some
- platform-induced signal offsets.

1081 Unfiltered i 108H

2.1.3.2 Blade Noise The largest
platform-induced signal is usually that
associated with the rotating blades. The
noise is not primarily generated by the
blades themselves, but by the rotor hub
assembly. These assemblies are
“magnafluxed” during overhauls to inspect
| | . . for stress or fatigue cracks. They are
o KT demagnetized before reinstallation, but the
thoroughness of this step varies widely.

Figure 8 — An unfiltered power spectrum (left panel) i  The rotor noise is primarily at 6.5 Hz and

shown for sensor 6. One hour of data is included, which . . .

) : . 13 Hz because the helicopter is designed
was taken during the survey of the Active Recovery Field.
The right panel shows the same data after notch filtering to to operate at a constant rate (6.5 rpm).

reduce blade noise. The rotor rpm rate changes significantly

only if the helicopter abruptly changes

attitude or altitude and quickly returns to

the nominal value. The effect is best visualized in a noise/frequency plot (power spectrum), as
shown in Figure 8.

PSD ( nT7/ Hz)

i, L sisl n
0.1

1.0
Frequency (Hz)

The 6.5 Hz spike varies in intensity (from ~0.3 nT to >10 nT), depending upon the helicopter.
We have seen both extremes from the same machine before and after an overhaul. The 13 Hz
signal reflects that the helicopter has two blades; each passes near each sensor once during a
revolution of the rotor hub. The 25 Hz signal we believe is associated with a standing wave
vibration of the forward sensor boom likely induced by vortex shedding or by higher frequency
airframe vibrations. The 6.5 Hz and 13 Hz interference signals seen by the outboard sensors are
about a factor of two weaker than that seen by the center sensor. Our typical approach is to
apply narrow notch filters at 6.5 Hz, 13 Hz, and 25 Hz to suppress the noise source to nearly zero
for sensors 1, 2, 6, and 7. Sensors 3, 4, and 5 often have a just-detectible 6.5 Hz signal
remaining. All of these frequencies are significantly above the frequencies associated with UXO
targets in field data. Applying the notch filters improves the appearance of the mapped data files
and slightly improves the fit qualities for the lower intensity targets.

2.1.3.3 Platform Attitude Corrections Traditionally, in airborne geophysical surveys
and military airborne search applications, a technique called aeromagnetic compensation has
been used to correct for platform attitude and orientation effects in magnetometry mapping
surveys. This technique, primarily used in fixed-wing aircraft, uses commercially available
sensor technologies and specially developed software algorithms to reduce the platform-induced
magnetic noise to levels on the order of 0.01 nT. This approach has been used in the geophysical
exploration community on both fixed-wing aircraft and helicopters. Depending on the
techniques used and the type of platform, the compensation has been demonstrated to reduce the
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platform and heading noise to 0.1-0.5 nT on some helicopters. This is well below the typical
geophysical noise levels measured in our vehicular surveys due to magnetic soils and rocks and
sensor motions in the spatially varying Earth’s field. The signal intensity from an individual
ordnance item the size of a General Purpose (GP) bomb (or a buried UXO cache) is a few to
several hundred nT, even at several meters altitude. The ability to detect and characterize an
isolated large target is therefore not a matter of signal strength or signal-to-noise ratio, but a
matter of having a data sampling density high enough to identify the target as a target and to
characterize its magnetic anomaly signature using the dipole-fitting routine.  These
considerations were incorporated into the design of the horizontal sensor spacing in the array and
the flying speed for the airborne platform.

NRL completed a development project with a subcontractor to adapt and apply existing
aeromagnetic compensation software capabilities to the Airborne MTADS system. The
subcontractor owns the rights to this program, but unlimited use rights could be purchased. The
use of the algorithm involves having the aircraft fly a set of high-altitude, closed-loop maneuvers
involving extremes of attitude and orientation. From these data, a set of attitude and orientation
corrections is generated to compensate for the attitude-dependent, platform-induced signals. On
all of our shakedown flights and during the first demonstration at the BBR, these data were
taken; however, the platform attitude effects in the survey data have not warranted application of
the algorithm. The urgency of the need to develop and apply these corrections has been
mitigated by our success in application of the other MTADS data preprocessing techniques and
filters described above. The data taken during the airborne shakedown tests and during the BBR
demonstration'> have shown that our normal preprocessing steps reduce the platform-induced
noise to below 1 nT. Our existing acromagnetic compensation routines reduce extreme attitude
platform effects to slightly below 1 nT. However, to prove their benefit will require that we
conduct surveys on areas that are geologically quiet on the sub-nT scale. While either of these
conditions is unlikely on most surveys over hard terrain, it is more likely that these corrections
will be important in marine applications where a couple of meters of water exist above the
bottom surface and where the bottom sediments tend to be geologically more homogeneous.

2.1.3.4 Mapping Sensor Coordinates The man-portable and vehicular MTADS
platforms are designed to maintain the sensors at a fixed height (25 cm) above the ground. The
optimal helicopter altitude varies considerably, depending upon the vegetation and the terrain.
Therefore, the 2-D (“Flat Earth™) calculation algorithm used with the man-portable and vehicular
analysis engines is inappropriate for use with the airborne data. For this reason, the analysis
algorithm was upgraded to a full 3-D fitting routine. Each sensor reading is now mapped in three
dimensions: an X-Y position (in Lat/Lon or UTM coordinates) and an altitude (HAE) derived
from the GPS data. The GPS sensor data are time-stamped by the GPS clock that is accurate on
the nanosecond time scale. The computer clock correlates the GPS pulse-per-second signal with
the magnetometer trigger pulse. This is accurate at the millisecond level. The sensor
coordinates are determined by applying geometric corrections relative to the primary GPS
antenna position. Platform attitude corrections are derived using the secondary GPS antenna
(roll and yaw) and the fluxgate and inertial attitude sensors (all attitudes).
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Until the first demonstration at the BBR, airborne target analyses were carried out using the
sensor HAE, and target tables were generated with target depths recorded in HAE. To determine
the target depth below the ground surface, the surface HAE was subtracted from the target HAE.
To accurately determine the surface HAE, it was measured at the time of target reacquisition.
This was the approach used at the BBR demonstration."” It was decided that this approach was
unacceptable for two reasons. First, the analyst during the target fitting process needs to have an
estimate of the depth to assist his decision about classifying the target as UXO or OE clutter and
to determine its UXO probability. Second, the additional step to measure the surface HAE in the
field during reacquisition and to calculate the target burial depth is too complex an operation to
be handled by UXO technicians in the field, which leads to loss (or mis-recording) of this
information unless extreme care is taken during the process. For these reasons, modifications
were made both to the DAS and to the altitude measurement process. Some of these
modifications are described below.

2.1.3.5 Digital Elevation Maps In 3-D surveys such as those conducted with the
Airborne MTADS adjunct, the physical dimensions of the array are large and the sensor height
above ground varies significantly during data acquisition. Furthermore, factors such as ground
vegetation cover, reduced spatial sampling, and physical offsets of the altimeter data relative to
the geophysical sensors compromise the accuracy with which we are able to measure
geophysical sensor height above ground. Figure 9 schematically shows the important
components of the altitude correction system.

s To isolate these factors

e %/Maw“’“‘” from the dipole-fitting

e " — S analysis, we use the sensor
C;\/LM” Featon el HAE as the vertical
I reference, thereby ensuring

/ a consistent coordinate

system for both geophysical

sensor input and target
WGS4 Elipsoid position output. While use
of the HAE ensures a
consistent frame of
reference for the fitting
analysis, this measure is cumbersome for dig teams to use during the remediation process.
Therefore, we derive an estimated target depth below ground surface based upon the target’s
estimated HAE and a measure of the ground surface relative to this ellipsoid during the target
analysis process. Data from separately positioned altimeters are used to map the ground surface
and derive a Digital Elevation Model (DEM) in the same coordinate system. The depth below
ground for each target can then be estimated by subtracting the target HAE from an interpolated
(using the DEM) ground elevation HAE at the target’s horizontal position. In this manner, any
uncertainty with respect to the measurement of the ground surface is constrained to the depth-
below-ground estimate and does not compromise the validity of the feature information derived
from the analysis routine itself.

Figure 9 — Important components of the sensor boom involved in deriving
the Digital Elevation Model.
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The primary measure of aircraft height above ground level (agl) along the flight path is based
upon the laser altimeter. However, using a single pass does not provide an accurate model of the
ground surface under the outboard sensors because of terrain deviations lateral to the flight
direction. To mitigate the sparseness of the laser altimeter data, we added three acoustic
altimeters to the system. Two are located on the forward boom, in line with the GPS antennae
and the magnetometer sensors, reducing the impact of pitch measurement errors and improving
our lateral sample density. The third is located at the rear of the aircraft beside the laser altimeter
to facilitate calibration and comparison of the acoustic altimeters relative to the laser altimeter.
Figure 10 schematically shows the DEM derived using t