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Project Sponsors

This whitepaper is sponsored by the Alaska Geographic Data Committee (AGDC) including Alaska
Mapped, the Bureau of Land Management (BLM), the Geographic Information Network of Alaska (GINA)
and the University of Alaska Fairbanks (UAF). Alaska Mapped represents the Statewide Digital Mapping
Initiative (SDMI).

This work was supported by the above-listed sponsors and performed under UAF Purchase Order
FP900353 issued to Dewberry on 7/11/2008.

Purpose

This whitepaper is the report outcome of the Alaska DEM Workshop held in Anchorage on July 22-23,
2008 and follow-on meetings with project sponsors on July 24, 2008 and August 19-20, 2008. It
identifies statewide requirements and alternative solutions for obtaining accurate and current digital
elevation data for Alaska.

The conclusions and recommendations in this report reflect consensus of the sponsors, as well as all

attendees of the Alaska meeting of the National Digital Orthophoto Program (NDOP) and National

Digital Elevation Program (NDEP)".

Through the Alaska Statewide Digital Mapping Initiative (SDMI) and Alaska Geographic Data Committee
(AGDC), the community evaluated different technical and cost options for elevation technologies that
could satisfy these programmatic time constraints within three different cost ranges:

e <$15M
e S15-S30M
e >$530M

' NDOP/NDOP agencies include the Bureau of Land Management (BLM), Federal Emergency Management Agency
(FEMA), National Aeronautics and Space Administration (NASA), National Geospatial-Intelligence Agency (NGA),
National Oceanic and Atmospheric Administration (NOAA), Natural Resources Conservation Service (NRCS),
National States Geographic Information Council (NSGIC), U.S. Army Corps of Engineers (USACE), U.S. Census
Bureau (USCB), Farm Bureau Agency (FBA), U.S. Forest Service (USFS), U.S. Fish & Wildlife Service (USF&WS), and
U.S. Geological Survey (USGS). The Alaska NDOP/NDEP meeting was held in Anchorage on August 18-21, 2008
during which this whitepaper was discussed in detail, receiving unanimous consensus of all attendees.



This whitepaper is also intended to assist those who will subsequently be writing statewide DEM
specifications and/or a request for proposal (RFP) to acquire the data for the SDMI.

Alaska’s DEMs in Comparison to the Rest of the Nation

The National Elevation Dataset (NED) is the primary elevation data product produced and distributed by
the U.S. Geological Survey (USGS). Since its inception, the USGS has compiled and published
topographic information in many forms, and the NED is the latest development in this long line of
products that describe the land surface. The NED provides seamless raster elevation data of the
conterminous United States, Alaska, Hawaii, and the island territories. The NED is derived from diverse
source data sets that are processed to a specification with a consistent resolution, coordinate system,
elevation units, and horizontal and vertical datums. The NED is the logical result of the maturation of
the long-standing USGS elevation program, which for many years concentrated on production of map
guadrangle-based digital elevation models (DEM). The NED serves as the elevation layer of The National
Map, and it provides basic elevation information for earth science studies and mapping applications in
the United States. Other than project-specific datasets of higher accuracy, the NED serves as the
predominant elevation layer for Alaska geospatial data users.

The current NED for Alaska is both lower resolution and lower accuracy (both vertically and horizontally)
than that for the contiguous lower-48 states. In addition to vertical inaccuracies of hundreds of meters,
entire mountain ranges are known to be horizontally misplaced by as much as two nautical miles,
making it extremely difficult to use the NED for the simplest task — orthorectification of imagery. The
NED for Alaska was produced from 1:63,360-scale topographic quad maps of lesser accuracy than in
other states, and the accuracy of many of these maps was never tested. The NED for most of the lower-
48 states was produced from higher-accuracy 1:24,000-scale topographic quad maps that satisfies a
broad base of user requirements. The current NED for Alaska does not satisfy Alaska user requirements
and national priorities as identified during the user surveys and subsequent vetting/validation of
requirements by the sponsors of this program. Like the lower-48 states, Alaska requires accurate and
consistent elevation data, driven by user applications. Because the NED in Alaska is so different than the
NED in the lower-48 states, and because Alaska has different user requirements, the existing NED
cannot serve the same broad range of user applications as it can in the lower-48.

The NED is designed to address the requirement for large-area coverage of the “best available”
elevation data. “Best available” refers to the highest resolution elevation data available to be
incorporated into the NED database. These vary from area to area. As stated in the NED Release Notes,
the source data for the NED are selected from the available DEMs according to the following ranking
(highest priority listed first): high-resolution elevation data, 10-meter USGS DEMs, 30-meter Level 2
USGS DEMs, 30-meter Level 1 USGS DEMs, 2-arc-second USGS DEMs, 3-arc-second USGS DEMs. Note
that the 2-arc-second DEMs are used only in Alaska, and the 3-arc-second DEMs are used only to fill in
values over some large water bodies.



High resolution does not necessarily imply high accuracy. Comparing North Carolina and West Virginia,
for example, shown in Figure 1, both are in red and are of the highest resolution 1/9-arc-second spacing.
However, North Carolina’s DEM has vertical accuracy equivalent to 2 foot contours, obtained from
LiDAR acquired for the North Carolina Floodplain Mapping Program, whereas West Virginia’s DEM has
vertical accuracy equivalent to 20-foot contours, compiled photogrammetrically.

NED Resolution

- 1/9 arc-second
|:| 1 arc-second
- 2 arc-second
- 3 arc-second
|:| 1/3 arc second
|:| Other

Figure 1. Resolution of NED source data.

In other states, depending on source materials available, the vertical accuracy at the 95 percent
confidence level may be as good as 1 foot or as poor as 15 meters, depending on the original source
data; but in Alaska vertical errors are hundreds of meters. Figure 2 shows the variable source data used
as “best available” for the NED in the lower-48 states.

Ned Production-Method

|:| Digital Camera

|:| MassPoints/Breaklines

[ Jupar

|:| Polynomial _Interp
- Complex_Linear_Interp
|:| Simple_Linear_Interp
|:| Manual Profiling

- Gestalt Photomapper

|:| Unknown

Figure 2. NED source data in the lower 48 states.

Answers to NED frequently asked questions can be found at http://seamless.usgs.gov/ffag/ned faq.php.

Definitions
Several definitions are key to the understanding of the terms DEM, DTM and DSM, the coordinate
systems in which elevation points are mapped, and DEM enhancements to model the flow of water.
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Cartesian Coordinates: In coordinate geometry, horizontal positions are defined in terms of
orthogonal X and Y coordinates relative to an origin point where X and Y coordinates are zero.

In the surveying and mapping professions, X and Y coordinates are called Eastings and
Northings, respectively, because positive X values increase in the easterly direction from the
origin and positive Y values increase in the northerly direction from the origin. It is standard
practice to establish the Cartesian coordinate system origin southwest of the entire project area
in order to ensure that all X/Y coordinates are positive numbers. Cartesian coordinates are used
in common coordinate systems such as the Alaska State Plane Coordinate System, the Alaska
Albers Equal Area Projection, and the Universal Transverse Mercator (UTM) coordinate system.

Digital Elevation Models (DEMs): As used in this paper, the term DEM is generally used to refer
to a gridded elevation model, as opposed to irregularly-spaced elevation points. The term DEM
is sometimes used in the generic sense to define digital elevation data in its myriad forms.
Gridded DEMs (whether derived from DSMs or DTMs) are interpolated from irregularly-spaced
elevation mass points, and the Ax/Ay grid spacing can be defined either in terms of Cartesian
coordinates (Northing/Easting) in meters or geographic coordinates (Latitude/Longitude) in arc-
seconds.

Digital Terrain Models (DTMs): As used in this paper, DTM refers to the bare-earth terrain
beneath the trees. Normally, DTMs could include irregularly-spaced mass points and breaklines
as used for generation of topographic contours; but in the context of this report, in determining
whether DTMs or DSMs are needed, requirements for DTMs refer to gridded elevation models
of the bare-earth ground surface.

Digital Surface Models (DSMs): As used in this paper DSMs refer to the top reflective surface
(e.g., treetops); in the context of this report, in determining whether DTMs or DSMs are needed,
requirements for DSMs refer to gridded elevation models of the top reflective surface.

Ellipsoid Height: The reference ellipsoid is shown at Figure 3 and the ellipsoid height is shown
at Figure 4. The ellipsoid height is the height above or below the reference ellipsoid, i.e., the
distance between a point on the Earth’s surface and the ellipsoidal surface, as measured along
the normal (perpendicular) to the ellipsoid at the point and taken positive upward from the
ellipsoid. The ellipsoid height is defined as “h” in the geodetic equation: h = H+N. The North
American Datum of 1983 (NADS83) is based on the Geodetic Reference System 1980 (GRS 80)
ellipsoid which is nearly identical to the World Geodetic System 1984 (WGS84) ellipsoid. GPS
surveys, on land or from the air, determine differences in ellipsoid heights above the WGS84
ellipsoid.

Geographic Coordinates: Geographic coordinates comprise the traditional coordinate system
based on latitude and longitude. Coordinates are measured using degrees, minutes, and
seconds.



Geoid: The geoid is that equipotential (level) surface of the Earth’s gravity field which, on
average, coincides with mean sea level in the open undisturbed ocean. In practical terms, the
geoid is the imaginary surface where the oceans would seek mean sea level if allowed to
continue into all land areas so as to encircle the Earth. As shown at Figure 3, the geoid
undulates up and down with local variations in the mass and density of the earth. The local
direction of gravity is always perpendicular to the geoid. The North American Vertical Datum of
1988 (NAVD8S8) is based on the geoid having the potential of gravity at the NAVD88 datum
point, i.e., Father Point Rimouski, near the mouth of the St. Lawrence River in Canada.

Figure 3. Ellipsoid, geoid, and geoid undulation Figure 4. Geodetic formula for conversions between
(geoid height). ellipsoid heights and orthometric heights.

GRAVITY ANOMALIES
NEGATIVE

! GRAVITY ANOMALIES
POSITIVE Ellipsoid

GEOID
UNDULATION

MASS SURPLUS =~

-<+— NORMAL TO GEOID h (Ellipsoid Height) = Distance along ellipsoid normal (Q to P)

i
NORMAL TO ELLIPSOID —-:'*T N (Geoid Height) = Distance along ellipsoid normal (Q to P )

e S H (Orthometric Height) = Distance along plumb line (P to P)

Geoid Height : The geoid height, also called the geoid undulation, is the difference between an
ellipsoid height and an orthometric height. The geoid height is shown at Figure 4 and defined as
“N” in the geodetic equation: N = h—H (or h = H+N). For most of the United States the value of N
is a negative number because the geoid is below the GRS80 ellipsoid. NOAA’s GRAV-D project is
intended to provide accurate gravity data for an improved geoid height model so that ellipsoid
heights can be accurately converted to orthometric heights (elevations).

Hydro-Conditioned: Hydrologic conditioning is the processing of a DEM so that the flow of
water is continuous across the entire terrain surface (not just water bodies), including the
removal of all spurious sinks. Rather than draining sinks, automated hydrologic conditioning
normally fills sinks by elevating them to levels so that water would flow out of them in a
hydrologic model rather than form “puddles” surrounded by points of higher elevation.

Hydro-Enforced: Hydrologic enforcement is the processing of a DEM so that lakes are level and
streams flow downhill. Lakes are typically hydro-enforced by use of a polyline for the shore that
has a constant z-value and then forcing all points within that polygon to have the same
elevation. Numerous different methods are used to hydro-enforce streams, some including the
manual digitizing of 3-D breaklines for shorelines that decrease in elevation as the stream moves
downhill; other methods are more automated and include hydro-conditioning of the entire area,
including streams so that water anywhere on the surface (other than lakes) would have an
outlet.



Orthometric Height (Elevation): The orthometric height is the height above the geoid as
measured along the plumbline between the geoid and a point on the Earth’s surface, taken
positive upward from the geoid. Shown at Figure 4 and defined as “H” in the geodetic equation:
H = h-N (or h = H+N). Traditional differential leveling determines differences in orthometric
heights or differences in elevation.

Terrain: The Federal Aviation Administration (FAA) and the International Civil Aviation
Organization (ICAO) use the term terrain in a slightly different context. Depending on the source
of information, a terrain database may describe something between “bare earth” and “bare
earth with cultural features and/or obstacles (canopy, buildings, etc.)”. According to ICAO
Document 9881, terrain is defined as “The surface of the Earth containing naturally occurring
features such as mountains, hills, ridges, valleys, bodies of water, permanent ice and snow,
excluding obstacles. In practical terms, this will represent the continuous surface that exists at
the bare earth, the top of the vegetation canopy, or something in-between as presented in
[Figure 5]”.

, _ smoke -
forest field tree mountain stack  building

@ =canopy < =bare earth A= inbetween (e.g, first reflective surface)

Figure 5— In FAA and ICAO terminology, the term “terrain” could pertain to the tree canopy, bare earth, or
something in between such as the first reflective surface. As used in this report, the term “DTM” refers to the
bare earth elevation surface (yellow), and the term “DSM” refers to either the canopy (green) or the top (first)
reflective surface (red).

Alaska Mapping and Geodesy Issues

The National Geodetic Survey (NGS) has identified the following issues that will impact the State’s ability
to accurately map elevation data in Alaska. As indicated below, numerous Alaska stakeholders agree
with the issues described and steps proposed by NOAA to address these issues.

Alaska is the only state that does not have digital imagery and elevation data at nationally
accepted standards’. The sheer size and remoteness of the state has precluded this in the past.
The underlying horizontal and vertical reference datums, NAD83 and NAVDS88, form our nation’s

? Some mountains are known to be mapped several miles away from their true locations, with elevations that are
several hundred meters too low common throughout Alaska. Such horizontal and vertical errors are 1-2 orders of
magnitude larger than allowed by the National Map Accuracy Standard.
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National Spatial Reference System (NSRS). However, in Alaska, the reference system does not
have the density of control points to support sub-meter level accuracies for mapping and
positioning activities. In the case of the vertical datum, NAVD88 does not even provide
coverage to the entire western half of the state. Today, almost all spatial mapping and data
collection is GPS-based. It is essential for the NSRS to have the accuracy needed to support
accurate GPS positioning activities in Alaska.

Fundamental geodetic infrastructure is severely lacking throughout this region. Orthometric
heights (elevations on maps and DEMs) in Alaska are in error by as much as 2 meters vertically,
because of errors in the geoid height model, even for newly-surveyed GPS points on the ground
or ground points mapped from the air or satellites.

As shown at Figure 6, Continually Operating Reference Station (CORS) coverage necessary to
provide efficient access to the National Spatial Reference System (NSRS) is sparse, especially in
Western Alaska. CORS are required for accurate GPS surveys on the ground and for airborne
GPS control of mapping aircraft. Accuracies of ellipsoid heights from airborne and ground GPS
surveys decrease with distance from these CORS. Additional CORS stations are needed
throughout the state. Similarly, of the over 100 tide stations in Alaska, only one is tied to the
NSRS. Tying these stations to the NSRS is essential for monitoring of changes in sea-level, glacial
rebound, and mitigating the effects of climate change in the region.
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Figure 6. Density of CORS stations in Alaska, compared with other states.

Coastal communities, in particular, require accurate land elevations and water depths to build
flood protection infrastructure, harden roads, bridges and observing systems, ensure safe and
efficient marine transportation, plan evacuation routes, model storm surge, and monitor sea-
levels.

Climate change also poses a complex set of challenges for the U.S. transportation industry. In
particular Alaska and the Arctic are experiencing unprecedented impacts, with loss of sea ice
and permafrost, rising sea levels and eroding coasts all occurring faster than forecast. This is
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causing thawing, slumping and erosion of roadways, impeding access to remote communities
and commerce, and endangering coastal and native communities. There is also the very real
potential for at least a seasonal, if not permanent, oceanic trade route across the Arctic that
could cut existing oceanic transport by an estimated 5,000 nautical miles (one week of sailing
time). These changes have implications for a host of activities such as shipping, oil/resource
development, fishing, ecotourism, subsistence livelihoods, and scientific exploration —all in an
ecologically fragile region lacking the security and safety infrastructure necessary to handle this
rapid change effectively.

The study of sea level variability in the Arctic Ocean is important in its own right, primarily
because of its practical importance for people living and working in Arctic coastal regions. For
them the current rates of local sea level rise are already causing severe problems. In addition,
the variability of sea level in the Arctic Ocean can be used as an indicator of changes in ocean
circulation, water, ice and sediment transport, coastal erosion, and many other processes.

The State of Alaska understands and supports the requirements necessary to create a high
resolution map of the state for which various NOAA programs provide the fundamental geodetic
infrastructure. The lead state agencies supporting this initiative are the University of Alaska, the
Department of Military and Veterans Affairs (DMVA), and the Department of Natural Resources
(DNR). To foster the oversight, management and planning required to facilitate these initiatives
these three agencies have developed the required concepts under the titled name of the
Statewide Digital Mapping Initiative (SDMI). In order to secure formal cooperation and support
the SDMI, the State of Alaska elected to request teaming partners and stakeholders to sign a
Memorandum of Endorsement (MOE). This MOE was signed by NOAA’s National Geodetic
Survey and the leader for NOAA’s Alaska Regional Team.

The Alaska Climate Impact Assessment Commission recently assessed the effects of climate
change as it would affect the citizens, resources, economy, and assets of Alaska. Commissioners
worked on developing a comprehensive overview of the likely impacts of climate change
affecting Alaska, and recommendations to mitigate that impact. It also considered impacts
upon publicly-owned facilities and infrastructure, identify the financial implications of climate
change, and assess impacts on local communities. The Commission’s Report recommended that
the state encourage NOAA to seek funding for gravity collection of Alaska’s littoral (coastal)
regions so that decisions affecting communities are clear as to the orthometric heights, risks of
flooding, and rates of coastal erosion. As noted by the commission, this effort will also produce
an accurate shoreline that can be monitored with GPS technology.

NOAA'’s Arctic Regional Collaboration Team supports GRAV-D (described below) and wants to
collaborate across NOAA line offices and external partners to co-locate CORS at existing or
planned facilities to increase the accuracy of NSRS. The Team also stands ready to support and
assist Alaska’s SDMI and provide input to final data products.



e An Arctic Gravity Project was coordinated by the National Geospatial-Intelligence Agency (NGA)
in 1998-2000. The National Geodetic Survey will partner with NGA to use data from this effort
for areas of Alaska north of 64 degrees north latitude. The existence of existing NGA gravity
data of northern Alaska is the reason why that area is priority 6 in NOAA’s GRAV-D plan whereas
remaining areas of Alaska are in priority areas 1 and 2.

®  Programs in the NOAA Commerce and Transportation Goal Team are also partnering to address
the complex challenges for the U.S. transportation industry in Alaska and the Arctic.

NOAA’s GRAV-D Project

For DEM elevations to be accurate, we need to ensure that we have accurate procedures for
measurement and mapping of ellipsoid heights, as well as an accurate geoid height model for
conversion of ellipsoid heights to orthometric heights. Furthermore, accurate and consistent DEMs are
integral to making a better geoid model.

In the past 20 years, the use of GPS technology for determining fast and accurate ellipsoid heights has
created a pressing desire for a similarly fast and accurate determination of orthometric heights.
Ellipsoid heights cannot be used to determine where water will flow, and therefore are not used in
topographic or floodplain mapping. Orthometric heights are related to water flow and are more useful
for many applications. In order to transform ellipsoid heights to orthometric heights, a model of the
geoid heights must be computed, and geoid height modeling can only be done with measurements of
the acceleration of gravity near the Earth’s surface. Digital Elevation Models (DEMs) can be usefully
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defined in terms of ellipsoid heights for some applications such S

as aviation safety, for example; or DEMs can be defined in terms
of orthometric heights for other applications where the flow of
water is important, e.g., hydrologic and hydraulic modeling. Itis
also an option to preserve DEMs from aerial surveys in their
native ellipsoid heights, subject to future computations of 3 .
orthometric heights based on changing and ever-improving ' g

geoid models, e.g., GEOID03, GEOID06 and GEOIDO8. NGS’s __M. Ll

current GEOID-06 is believed to contain vertical errors as large as  Figure 7. The geoid model of Alaska

2 meters. The geoid model for Alaska is depicted at Figure 7; this contains vertical errors as large as 2
meters, compared with a few

figure shows variations in gravity which differs from variations in . .
centimeters in the lower 48 states.

elevations.

With the use of GPS Continuously Operating Reference Stations (CORS), the National Geodetic Survey
(NGS) has been tracking and predicting changes to the ellipsoid heights in the United States for some
time. A similar tracking of orthometric heights would not only fulfill NOAA’s mission, but would also
allow users of heights (elevations) to know changes over time for coastal elevations and other critical
applications that require tracking in a dynamic world.



NGS has done an excellent job collecting existing gravity information for the United States and
computing geoid height models to determine orthometric heights from GPS. Unfortunately, these
efforts are insufficient at the highest levels of accuracy due to the extremely disparate nature of the
available data (with thousands of surveys, conducted by hundreds of sources, over dozens of years, and
with no attempt to monitor changes in gravity over time in this data. Unfortunately, with no committed
large-scale tracking of gravity changes over time being conducted by any agency in the United States,
the situation will only worsen as crustal motion (from subsidence to glacial isostatic adjustments)
continues to change the nature of the land. A new, self-consistent and temporally tracked measure of
the gravity field is the only way to ensure fast, accurate, useful heights (elevations) at all times in the
future.

NOAA’s GRAV-D plan for addressing this issue nationwide is available at: www.ngs.noaa.gov/GRAV-D/.

NOAA'’s airborne gravity campaign is planned to proceed
with Phase | testing for determination of optimal flight
parameters and proof of operations, followed by Phase Il
operational data collection (currently unfunded) based on
the following priorities: (1) Alaskan littoral (coastal)
regions (shown in lavender at Figure 8), excluding the
Aleutians, (2) southern Alaska (shown in dark blue at
Figure 8), (3) CONUS littoral regions, (4) Hawaii, Pacific
Island territories, and the Aleutian chain, (5) Inland
CONUS, and (6) Northern Alaska (shown in dark green at

Figure 8). Figure 8. GRAV-D collection areas in Alaska

Unfortunately, GRAV-D currently has no dedicated funding. The funding for finishing Phase | will be
fought for and would come out of NGS’ base funds in FY09. Without dedicated extra funding, which
NGS is seeking through the NOAA PPBES process, NGS will only be able to pursue Phase Il at about