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ABSTRACT

In April 2005, a SHOALS 1000T LIDAR system was used as an efficient alternative for
safely acquiring data to describe the existing conditions of nearshore bathymetry and the
intertidal zone over an approximately 40.7 km? (11.8 nm?) portion of hazardous coastline
within the Olympic Coast National Marine Sanctuary (OCNMS). Data were logged from
1,593 km (860 nm) of track lines in just over 21 hours of flight time. Several islands and
offshore rocks were also surveyed, and over 24,000 geo-referenced digital still photos
were captured to assist with data cleaning and QA/QC. The 1 kHz bathymetry laser
obtained a maximum water depth of 22.2 meters. Floating kelp beds, breaking surf lines
and turbid water were all challenges to the survey. Although sea state was favorable for
this time of the year, recent heavy rainfall and a persistent low-lying layer of fog reduced
acquisition productivity. The existence of a completed VVDatum model covering this
same geographic region permitted the LIDAR data to be vertically transformed and
merged with existing shallow water multibeam data and referenced to the mean lower
low water (MLLW) tidal datum. Analysis of a multibeam bathymetry-LIDAR difference
surface containing over 44,000 samples indicated surface deviations from

—24.3 t0 8.48 meters, with a mean difference of —0.967 meters, and standard deviation of
1.762 meters. Errors in data cleaning and false detections due to interference from surf,
kelp, and turbidity likely account for the larger surface separations, while the remaining
general surface difference trend could partially be attributed to a more dense data set, and
shoal-biased cleaning, binning and gridding associated with the multibeam data for
maintaining conservative least depths important for charting dangers to navigation.

KEY WORDS

Hydrographic LIDAR, Topographic LIDAR, SHOALS, multibeam, VDatum, Olympic
Coast National Marine Sanctuary



TABLE OF CONTENTS

Topic Page
ADSEract and KEY WOITS ........ooiiiiiieiie et i
Table Of CONTENES.......c.ooiiiicci e i
List of Figures and TabIes.........cvecviieiieiicic e iii
INEFOAUCTION ...t 1
SUINVEY ATBA ...ttt bbb r e 1
BasiC LIDAR FUNCLION ......c..ciiiiiiiiieeise s 3
LIDAR Data Acquisition and ProCeSSING .......c.ccveverrereeriesieesiessieseesieeseeseesseeseens 3
LIDAR SUINVEY PrOUUCT.......ccveiiiiieieesie ettt 3
Data Quality Along Exposed and Unexposed Coastline ..........c.cccceevvevieiineinnenne. 7
LIDAR and MUltiDEamM MEIQE........cueiuieieiieieeiesie s ese e se e 10
Discussion and CONCIUSIONS .........ccooiiririiiiiieisi e 14
ACKNOWIEAGMENTS.......eiiieiiiee et nre e ens 16
RETEIEINCES ...ttt 17
AAPPENAIX .ttt bbbt 18

i



LIST OF FIGURES AND TABLES

Figure/Table Number and Title Page
Figure 1. Cape Flattery LIDAR flight track lines, Koitlah Point to Cape Alava,

shown with existing area of multibeam sounding data............cc.cceeeieiencncncnnnn. 2
Figure 2. Locations of secchi measurements taken 15 April 2004.. ...................... 4
Figure 3. Surf breaks, kelp beds, and turbid water all created challenges for

acquiring bathymetry data in the southern portion of the survey area.................... 5
Figure 4. Combined hydrographic and topographic LIDAR coverage achieved

over the six-day survey period shown with 10 m bathymetry contour .................. 6
Figure 5. Adjacent stretches of exposed and unexposed coastline within

the ProPOSEA SUMVEY GIEA.........uiueiiieiieiieiesie sttt sttt ettt 8
Figure 6. Archived wave summary statistics from NDBC station 46087, April

19-26, 2005 (UTC)vieieieieiie st sie ettt eee ettt tesneena e ense e 9
Table 1. Archived wave summary statistics from NDBC station 46087, April

19-26, 2005 (UTC)vierieieieiiesie et st eet ettt sttt sne e neena e e s nnens 9
Figure 7. VVDatum tide modeling grid for the San Juan Islands, Strait of Juan

de Fuca and PUGE SOUNG........cuoiiiiiiiiiisisieee et 10
Figure 8. Multibeam sounding data combined with bathymetry and

topographic LIDAR data SEtS.........ceciueiieiieieiie ettt 11
Figure 9. Depth difference histogram ..........cccooveiieiiiii i, 12
Figure 10. Depth difference (90" percentile only) plotted against multibeam

SOUNDING TEPLN .. 13
Figure 11. Multibeam and LIDAR xyz data merged into seamless DTM

COVENNG MaKah BaY .........cccveiiiieiiciicie ettt 13
Figure 12. An Area of significant surface difference attributed to improper

cleaning Of the LIDAR data.........cccoiiiiriieiiiie e e 14

1l






INTRODUCTION

Airborne LIDAR (light detection and ranging) technology developed throughout the
1990s is a new tool for use in bathymetric mapping. Today, airborne LIDAR bathymetry
(ALB) has fully developed into a mature technology that is a cost effective means for
quickly and efficiently obtaining bathymetry information, even in areas of hazardous
conditions or in remote locations too difficult to survey through conventional acoustic
methods (MacDonald 2005).

The initial commercialization of this new technology is, in part, traceable to a 1998
Memorandum of Agreement (MOA) between the U.S. Army Corps of Engineers
(USACE) and the Naval Meteorology and Oceanography Command, which established
the Joint Airborne LIDAR Bathymetry Technical Center of Expertise (JALBTCX) in an
effort to create a mechanism for helping shape future developments and capabilities of
ALB mapping (MOA1998). This original MOA was superceded in 2002 (MOA2002) by
creation of a new MOA that added the National Oceanic and Atmospheric
Administration’s (NOAA) National Ocean Service (NOS) and Office of Marine and
Aviation Operations (OMAO) as partners. Expanding the breadth of partnership to
include various facets of NOAA harnessed other existing capabilities, survey knowledge,
tidal determination capabilities, and other unavailable resources.

In March 2005, under the NOS agreement code, a Support Agreement (MOA-2002-047
SA #001/1223) was written to facilitate the acquisition of LIDAR data for NOAA'’s
Olympic Coast National Marine Sanctuary (OCNMS) in Washington State. Under this
Agreement, Fugro Pelagos, Inc. (FPI) was contracted by GRW Engineers to conduct a
site survey for the USACE (and ultimately OCNMS) along a portion of coastline from
Koitlah Point to Cape Alava within the OCNMS. OCNMS’ objectives for the survey
effort were three-fold: 1) to obtain existing conditions of the nearshore bathymetry and
intertidal zone along a select portion of shoreline that is not ascertainable through ship-
based acoustic data acquisition techniques due to hazardous surf conditions, 2) to assess
the performance of ALB technology along both exposed and unexposed stretches of
coastline, and 3) to vertically transform the ALB data and assess agreement with existing
shallow water multibeam bathymetry data collected in the same area.

SURVEY AREA

Approximately 40.7 km? (11.8 nm?) of nearshore bathymetry and coastline between
Koitlah Point and Cape Alava, in the general vicinity of Cape Flattery, and bounded by
coordinates 48° 08°38°" N, 124° 47°34°’W, and 48° 24°46°” N, 124°38’11"’W (Figure 1)
were proposed for surveying with a SHOALS 1000T LIDAR system. Survey flights
occurred, or were attempted, between April 19 and April 24, 2005, with data being
logged from 860 nm (1,593 km) of track lines in just over 21 hours of flight time.
Bathymetry data was targeted between the shoreline and the approximate 15 meter
bathymetry contour or laser extinction, which ever came first. Bathymetry data from the
1 kHz laser was acquired at 400 meters altitude, at 125 knots and with coverage plan



designed to obtain 4 by 4 meter spot spacing using 25 percent line overlap. During
project design, topographic survey lines were created to obtain heights 100 meters
shoreward or to the mean higher high water (MHHW) line, which ever came first. Data
from the 10 kHz topographic laser was acquired at 700 meters altitude, at 155 knots and
with coverage designed to obtain 2 by 1.6 meter spot spacing. Several islands and
offshore rocks were also surveyed, and over 24,000 geo-referenced digital still photos
were simultaneously captured to assist with data cleaning and QA/QC.
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Figure 1. Cape Flattery LIDAR flight track lines, Koitlah Point to Cape Alava,
shown with existing area of multibeam sounding data (blue polygon).




BASIC LIDAR FUNCTION

The basic principle of topographic LIDAR operation involves transmitting light in the
form of a laser onto a mirror that is rotated at a high rate of speed. The rotating mirror
projects the laser as a series of pulses onto the ground. Light is reflected back to the
instrument, and with known vessel position, two-way time travel is used to ultimately
compute the positional measurement of reflecting objects. ALB systems, however, are
more sophisticated in theory because they must compensate for multiple reflective
surfaces (i.e., the water surface and the seafloor). As such, ALB systems function as a
multiple phase system where two different waves (infrared and green) are respectively
used to detect the sea surface and sea floor. The newest generation of ALB systems, such
as the one used for this particular survey, employs both types of LIDAR systems making
them ideal for mapping shallow water intertidal zones as both height and sounding
measurements can be delivered as a seamless data set. A seamless hydrographic and
topographic LIDAR data set can then potentially be merged with acoustically derived
single or multibeam bathymetry data, although a vertical datum transformation will likely
be needed if the LIDAR data is acquired in an orthometric vertical datum and the
multibeam data is referenced to some tidal datum such as MLLW (National Research
Council 2004).

LIDAR DATA ACQUISITION AND PROCESSING

Details of the LIDAR acquisition and processing are in the attached Appendix, entitled
“Hydrographic & Topographic LIDAR Acquisition, Northwest Coast, Washington, Neah
Bay to Cape Alava, WA Survey Report” prepared by the FPI data center.

LIDAR SURVEY PRODUCT

Numerous shoals and hazardous surf conditions exist throughout the survey area, thereby
precluding the use of ship-based acoustic multibeam for mapping the extreme nearshore
zone in this area. LIDAR provided an efficient alternative for safely acquiring additional
information to describe existing conditions of the nearshore bathymetry and intertidal
areas throughout the Koitlah Point to Cape Alava region. As a general rule, the SHOALS
1000T (see Appendix for full description) is designed to obtain bottom depths of roughly
2.5 to 3 times the secchi depth. On April 15, 2004, 11 secchi measurements were taken
throughout the proposed survey area in an effort to anticipate potential LIDAR
performance (Figure 2). Secchi measurements ranged from 3.2 to 8.7 meters, indicating
that bottom detection could potentially be achieved to anywhere between 8 and 26
meters, depending on water clarity at the time of the survey.

All topographic survey lines were fully completed and achieved with desired results;
however, consistently poor weather conditions and a low-lying fog layer prevented any
data acquisition from occurring on two of the six available survey days compromising
bathymetry data acquisition efforts. Temporary cloud cover further restricted flying time



on three additional days. As a result, significantly less data was acquired during the six-
day time frame than had been hoped for. Very little bathymetry data was obtained in the
southern region of the survey area due to weather constraints on survey time, poor water
clarity resulting from recent significant rainfall and dense areas of kelp in the water
column (Figure 3).
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Figure 2. Locations of secchi measurements taken April 15, 2004. Secchi readings are
in meters. Visual observations, if noteworthy, were also recorded at each site at the time
of the measurement. The blue line represents the 10 m contour and purple polygon
depicts the proposed survey boundary.
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Figure 3. The graphic to the left represents the inset
region of aerial photography provided below.

Surf breaks, kelp beds and turbid water all created
challenges for acquiring bathymetry data in the
southern portion of the survey area. All three
challenges are clearly visible in the digital photo
mosaic below. Images are overlaid with the
accepted height data acquired from both the 1 kHz
(bathymetry) and 10 kHz (topography) lasers.
Example data are from the Tskawanyah Island area,
and are gridded at 4 m resolution.
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The effect of water clarity and inclement weather on survey productivity is immediately
apparent when overlaying the actual LIDAR coverage achieved with the proposed survey

area as shown in Figure 4.
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Figure 4. Combined hydrographic and topographic LIDAR coverage achieved over the six-
day survey period. Heights and soundings are color ramped from red (highest surface
elevation) to purple (deepest water depth). Grey polygon represents the proposed coverage
area.




The maximum water depth obtained by the 1 kHz bathymetry laser was 22.2 meters, and
it was located along the western shoreline of Tatoosh Island. This was near the
maximum range that the secchi readings, although collected the previous year, suggested
could be achieved.

DATA QUALITY ALONG EXPOSED AND UNEXPOSED COASTLINE

During the planning phase, there was concern over the suitability of LIDAR for being
used as a bathymetry acquisition tool along this particular stretch of coastline. The
degree of exposure to open ocean conditions and prevailing swell direction can at times
produce considerable surf breaks in this area, through which the bathymetry laser would
not penetrate. Having the survey designed around Cape Flattery, it provided an
opportunity to assess the impact of open ocean exposure on the ability to successfully
acquire ALB data in this area, as 6 km of relatively unexposed coastline exist
immediately adjacent to roughly the same length of exposed coastline along the western
edge of Cape Flattery (Figure 5).

Visual examination of LIDAR coverage did not suggest better LIDAR performance
along the exposed stretch of coastline as compared to that along the unexposed (Figure
5). In fact when gridded at a 4 meter resolution, bathymetry data was obtained
throughout 1.18 km? of the proposed 3.5 km? of exposed coastline (33.7 percent), in
comparison to 1.03 km? of the proposed 3.05 km? (33.7 percent) of unexposed coastline
along the Cape Flattery portion of the survey area. Furthermore, the deepest soundings
obtained in the entire survey area (> 20m depth) were acquired along the exposed side of
Tatoosh Island.

The bathymetry data along both these particular stretches of coastline were acquired on
April 19, 22 and 23, 2006. Archived wave statistics obtained from the NOAA National
Data Buoy Center (NDBC) for Station 46087, located approximately 11 km north of
Tatoosh Island (48°29'38™" N, 124°43'38™" W), indicated that relatively calm seas occurred
in this area throughout the entire survey effort. The buoy data shows the general wave
trend for this particular time frame consisted of swell heights being less than 1.75 meters
on a greater than 10 second swell period and with wind waves being less than 0.75 meters
spaced on an roughly 4 second wave period (Figure 6). In general, both swell and wind
direction came directly from the west during the survey flights (Table 1). The degree of
swell and wave conditions at the time of survey were mild enough to not negatively
impact the ALB data along the exposed coastline any more than that along the unexposed
coastline. This indicates that other factors such as increased turbidity from recent rainfall
and floating kelp played a more significant role than exposure in impairing laser
penetration along this particular stretch of coastline.
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Figure 5. Adjacent stretches of exposed (purple) and unexposed (green) coastline within the
proposed survey area. Achieved LIDAR bathymetry data are shown (black), with 10 meter
bathymetry contour (blue).
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Figure 6. Archived wave summary statistics from NDBC station 46087, April 19-26, 2005 (UTC).
SWHT = swell height, WWHT = wind wave height, SWPD = swell period, WWPD = wind wave
period.

Table 1. Archived wave summary statistics from NDBC station 46087, April 19-26, 2005 (UTC). SWDIR
= swell direction, WWDIR = wind wave direction. Values are azimuth degrees.

SWDIR WWDIR
Mean 272 265
Min 252 211
Max 294 357




LIDAR AND MULTIBEAM DATA MERGE

Through a partnership between OCNMS, NOAA’s OCS and OMAO, high resolution
bathymetry (HRB) was collected on various opportunistic occasions during the months of
October from 2001 to 2004 aboard the NOAA ship RAINIER (Intelmann et al. 2006).
Shallow water multibeam sounding data were cleaned according to NOAA standards
(NOAA 2003), and were referenced to the MLLW tidal datum using the tide gauge at
Neah Bay (Station 9443090) for datum control.

DGPS in the ellipsoidal datum of NAD83 supplied both the positional information and
project control for the LIDAR survey. In order to easily merge the data set with existing
multibeam sounding data, survey instructions required the data to be projected during
post-processing and delivered in the UTM Zone 10 projection. The Geoid99 height
model was used to convert the vertical datum from the ellipsoidal 3-D datum of NAD83
to the orthometric vertical datum NAVDS88. In order to accurately merge the LIDAR
data with existing multibeam sounding data, the data sets must be in the same vertical
reference frame (Milbert 2002). Since the multibeam sounding data were referenced to
an averaged tidally-derived vertical datum (MLLW) and the LIDAR data were referenced
to an orthometric vertical datum (NAVD88) based on Mean Sea Level (MSL), a VDatum
model (Spargo et. al 2006) was needed to vertically transform the LIDAR data to MLLW
for compatibility and comparison with the multibeam sounding data. The VVDatum model
relates the NAVD88 to MLLW by using a grid or zone of tide model comparisons
(Figure 7) with known leveled tide benchmark stations to better account for the spatial
variability of tidal dynamics over a given area (Milbert 2002; Spargo et. al 2006). The
VVDatum model that was used is available for download at
http://chartmaker.ncd.noaa.gov/csdl/vdatum_projectsWA.htm.

Figure 7. VDatum tide modeling grid for the San Juan Islands, Strait of Juan de Fuca and
Puget Sound (Spargo et al. 2006).
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Both the multibeam sounding and LIDAR xyz data were imported into Fledermaus using
AVGGrid with 4 meter grid spacing (Figure 8), and then exported as separate ESRI
floating-point ASCII grids for surface comparison.
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Figure 8. Multibeam sounding data combined with bathymetry and topographic LIDAR
data sets. Data are gridded at 4 meter resolution. Visible areas of the brown-dotted
polygon are “holidays” in LIDAR acquisition due to poor water clarity. 10 m isobath is

shown as the blue line.

11



The two ASCII grids were converted to polygon features and intersected in ARClInfo to
create a mask polygon. ARCInfo grid was then used to mask each of the ASCII grids
with the intersect polygon, thus creating two new grids that were only populated with
cells for which each data set had in common. The two new grids, which now contained
only data common to both surfaces, were exported again as separate ASCII grid files and
then imported back into Fledermaus using AVGGrid with 4 meter spacing. A difference
DTM was created in Fledermaus by subtracting the LIDAR surface from the multibeam
sounding surface to produce a new difference surface. The difference surface contained
over 44,000 samples for which each grid had in common, with depth differences ranging
from —24.3 to 8.48 meters, a mean difference of —0.967 and standard deviation of 1.762
meters (Figure 9). Depth differences between the LIDAR and multibeam surfaces were
further compared to the acoustic multibeam data alone, assuming the acoustic soundings
represent a more accurate reference benchmark surface (Riley 1995). As with Riley
(1995), no attempt was made to assess individual error contribution to each data source.

Highlight Range = -0

Figure 9. Depth difference histogram. The 2 * Std. Deviation (90 percentile) range is
highlighted in yellow. Depth difference in meters (Multibeam Surface — LIDAR Surface) is
represented by the X-axis, and the Y-axis is the percentage of samples contained in each
difference bucket category.

The extreme deviations observed in the least squares fit between the multibeam and
LIDAR surfaces are attributed to false bottom detections in the LIDAR depths due to
water column interference (Figure 10). When examining only the 90" percentile sample
range (-0.54-2.33 m depth difference), the multibeam sounding data are for the majority
about 1 to 1.5 meters more shoal than the LIDAR data. This is not surprising since
multibeam systems produce more dense data thus leading to delineation of more shoal
features. This shoal bias of the multibeam data can be more easily visualized through
Figure 11 where the enhanced surface difference is readily distinguished by examining
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Figure 10. Linear least squares data model between multibeam soundings and LIDAR depths
(m). LIDAR =-2.576+0.835*Multibeam sounding depth, R-Squared = 0.682.

Figure 11. Multibeam and LIDAR xyz data merged into seamless DTM covering Makah Bay.
Note the multibeam cross line is about 0.5 m more shoal than the LIDAR surface. Red line
represents the location and extent of the bathymetry profile shown on the bottom. Purple
contour is the 7 m bathymetry curve.
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the cross line of multibeam data. The largest of the depth differences, those values in the
extreme tails of the histogram (red portion of the sample range in Figure 8), are traceable
to two distinct areas and appear to be artifacts of errors in LIDAR data cleaning due to
interference from false bottom detection (Figure 12). The remaining general surface
difference trend could be attributed to the fact that the multibeam data are cleaned and

gridded with a shoal biased constraint to be more conservative with respect to dangers to
navigation.

Figure 12. An area of significant surface difference (red and orange pixels) attributed to improper
cleaning of the LIDAR data resultant from surface interference. The white line shows extent and
location of profile, which indicates an 8 meter surface difference at the western end of the line and sub-
meter surface difference (green and blue pixels) throughout the remainder.

DISCUSSION AND CONCLUSIONS

As with most coastal ALB surveys, floating kelp beds, breaking surf lines and turbid
water were challenges to this survey. The window of opportunity for capturing favorable
environmental conditions to successfully acquire ALB in coastal areas, such as OCNMS,
is narrow. Avoiding the detrimental effects of turbid water created from excessively
aerated breaking surf and increased surface runoff from heavy spring rains require data
acquisition to be targeted for late spring to early summer. However, kelp growth and
increased biological productivity can further impede the rate of acquisition success in this
region beginning as early as May. Because of all these factors for attempting to acquire
the LIDAR data for this particular survey, late April was selected.
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The less than 2 meter swell and minimal wind-induced wave action that were
experienced did not appear to negatively impact data quality over the course of the
survey, indicating that ALB can successfully be achieved in this area at these particular
sea states. Although sea state was favorable for this time of the year, recent heavy
rainfall and a persistent low-lying fog layer severely reduced the productivity of this
survey. Additional project funds would have been helpful to keep the mobilized flight
crew on site while survey conditions continued to improve in order to maximize
acquisition success.

The existence of a completed VDatum model covering this geographic region permitted
the LIDAR data to be seamlessly merged with shallow water multibeam data using the
same control datum. Of note, since OCNMS uses UTM coordinates to position all
multibeam sounding data, it was required that the contractor deliver the NAVD88
referenced z-values in that same coordinate system. Unfortunately, it was later
determined that VDatum Version 1.06 only accepts geographic coordinates, thus the
positional information delivered by FPI in UTM had to be unprojected back to latitude
and longitude (decimal degrees) prior to transforming the vertical units. This was a very
time consuming step, which in retrospect, could have been avoided by simply not
requiring the contractor to project the data prior to transformation. The VDatum tool
would benefit from a future enhancement to address this limitation.

Despite relatively poor survey productivity resulting from poor flying conditions, a
significant portion of nearshore bathymetry was acquired along the Cape Flattery
coastline. The entire intertidal zone from Koitlah Point to Cape Alava, including
numerous offshore rocks and islands, was also better defined by the high-resolution
topographic LIDAR elevation data. The bathymetry data that were successfully acquired
could potentially provide useful information for delineating rock features in many areas
that were too hazardous to access through ship-based acoustic survey methods. Due to a
lack of project funds and a desire to cover as much area as possible, this survey was
designed to acquire 4 by 4 m spot spacing bathymetry data with just 100 percent
coverage. Even though NOAA’s OCS often requires 200 percent coverage for
bathymetric LIDAR acquisition at a 4 by 4 spot spacing, it is possible that the data could
still be used to update the Cape Flattery nautical chart 18485. Many of the least depths
recorded on that chart are rather dated with some soundings potentially being obtained as
early as 1834 (NOAA 2002). But it is important to stress that this survey was not
designed or performed for nautical charting purposes and several critical levels of quality
control were not implemented to evaluate and process the data for such purposes.
Therefore the data will be submitted to NOAA’s Hydrographic Survey Division for
outside-source evaluation and archival at the very least. Various other elements within
the NOS Hydrographic Surveys Specifications and Deliverables (2003) will also need to
be assessed prior to electing the data for possible inclusion on the nautical charts.

LIDAR technology continues to evolve at a rapid pace. In the short time since this data
was acquired, significant improvements have been made to the acquisition algorithms in
order to increase extraction of more useful information for aiding environmental
assessment (Francis and Tuell 2005). For example, in addition to acquiring depth and
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digital still frames, as with the SHOALS 1000T system used here, the new Compact
Hydrographic Airborne Rapid Total Survey (CHARTS) system now has the ability to
measure hyperspectral data, and it can produce seafloor reflectance images, as well (Tuell
et al. in press). This new system could be an extremely useful tool for the National
Marine Sanctuary Program (NMSP) by providing the ability to rapidly gain knowledge of
both coastal and nearshore topography, combined with water column characteristics and
seafloor reflectance — all of which are important components for understanding changes
to the nearshore coastal and benthic environment.
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