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FOREWORD

This report describes the results of a study to model the mass distribution of
southern Greenland from an assortment of geophysical data for the purpose of
predicting trends in the geopotential. The work was performed in the Space and
Surface Systems Division of the Strategic Systems Department.
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INTRODUCTION

During the summer seasons of 1991 and 1992, the Naval Research Laboratory
(NRL) and the Naval Oceanographic Office in collaboration with researchers from
the National Oceanic and Atmospheric Administration and the National Survey and
Cadastre of Denmark will perform a detailed airborne survey of Greenland to map
gravity, magnetics, and the topography of the entire island. During the first summer
campaign, southern Greenland, below 700 N, will be surveyed with the NRL P-3
Orion aircraft equipped with LaCoste-Romberg and Bell gravimeters, radar and laser
altimeters, Global Positioning System (GPS) receivers, and a proton-precession
magnetometer. After processing of the GPS data to remove radial accelerations of
the aircraft, it is anticipated that the gravity field will be recovered with an rms
accuracy of 2 mgal for half-degree means. Along-track wavelength resolution should
be on the order of 25-40 km.1

Because of the sparse distribution of gravity data within Greenland, the current
mean anomaly field, primarily based on prediction, 2 fails to replicate trends in the
observed geopotential field. To better forecast trends, a project was initiated at the
Naval Surface Warfare Center (NAVSWC) to collect and exploit higher resolution
and more complete geophysical data sources. Such improved predictions could sup-
port survey design and assist in the interpretation of data acquired from the airborne
survey. The result of this effort is a composite topographic data base that supports
the prediction of intermediate wavelengths in the geopotential field. A more com-
plete model of the geopotential would require a detailed description of the island's
geology which, unfortunately, is well-known only in the coastal ice-free areas.
However, using available data Haller 3 has postulated a general description of the
island's geology.

The island of Greenland is part of the Precambrian shield of North America.
Two Paleozoic fold belts eroded and then uplifted by more recent tectonic activity in
the coastal areas envelop the old crystalline block. The Paleozoic plane of erosion in
the center of the island may be underlain by two northward-tilting basement blocks
separated by a distinct depression near 700 N. The age of the depression may be
similar to the age of the coastal tectonic uplift. More recent than the tectonic uplift,
isostatic uplift began following partial removal of the Pleistocene ice sheet. 4 The
balance of that ice sheet, which averages 1.5 km thick over most of the island, 5

reaches its maximum thickness of more than 3100 m near 720 N. Sizable physio-
graphic features such as these make significant wavelength contributions to the
geopotential model because their gross surfaces are well defined by the topographic
data base.
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In the sections that follow, the data sources collected during the project are
described. The later sections address the development of the composite topographic
data base, geopotential forecasting using the inferred mass distribution, and model
evaluations.

GEOPHYSICAL DATA SOURCES

Various data types collected for the Greenland area were used to generate
surface elevations of the ice sheet and underlying bedrock. Other data sources were
used to evaluate predictions of geopotential trends in southern Greenland. Data
sources for both of these purposes are discussed.

SATELLITE RADAR ALTIM ETRY

The SEASAT and GEOSAT satellite radar altimeters were designed to measure
the ocean surfaces to recover the gravity field at sea and mesoscale oceanographic
features. New techniques developed by NASA investigators6 enabled the use of these
data to generate elevations of non-ocean surfaces such as ice sheets 7 and later land
areas.8 Topographic elevations of southern Greenland estimated from both SEASAT
and GEOSAT measurements were provided by NASA.

Satellite radar altimeters measure range between the orbit and a reflecting
surface by transmitting a signal pulse and timing the delay before the reflected pulse
is received. Successful range measurement depends on accurate onboard prediction
of the arrival time of the reflected pulse. If the reflected pulse arrives within the
predicted window, tracking is maintained and onboard range estimates are made.
These ranges are telemetered to the surface along with the total reflected waveform
and other information. When the reflected pulse arrives outside the predicted win-
dow, loss of track occurs and no range estimates are formed. Over smooth reflecting
surfaces, such as the ocean, the reflected pulse assumes a relatively simple waveform
and range estimates made onboard are accurate. Over rougher surfaces, such as
glacial ice, the waveform of the reflected pulse is more complex and gross errors in
the onboard estimates of range can occur. It is possible to make better estimates of
range over rougher surfaces by reprocessing the telemetered waveform. This
reprocessing is called retracking. 9

Retracking a telemetered waveform involves fitting it iteratively with either a
five-parameter or nine-parameter function, depending on the shape of the waveform.
Not all telemetered waveforms can be retracked however, and those that cannot be
retracked are edited. After retracking and editing, corrections are applied to the
ranges for time tag biases, signal travel time, altimeter antenna offset, ionospheric
and tropospheric propagation effects, and solid Earth tide variations. In addition,

2
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satellite orbit corrections, primarily in the radial direction, and a correction for a
sloping reflecting surfacelO are also applied. These corrected ranges are used to
construct elevations of the reflecting surface.

Over Greenland, because of the uneven distribution of range data over the ice
sheet, regular grids of elevations have been developed. 1', 12 Tangent polar stereo-
graphic projection grids have been generated so that equal spacing between grid
points occurs on the projection plane tangent at the North Pole. A biquadratic or
bilinear function describing the surface near a grid point was fit to nearby data. Each
altimeter range was assigned an observation standard deviation of 1.0 m. After
weighting each observation by the inverse of distance to a desired grid point, a least-
squares adjustment was made so that data closest to the grid point influence most of'
its estimated elevation. The standard deviation of a grid point elevation is a function
of how well the elevation represents the data.

The SEASAT spacecraft was launched in late June 1978 and during its brief
110-day lifetime collected radar altimetry data between the latitudes 720 S and 720 N.
Investigators at NASA retracked data collected over southern Greenland and used
these altimeter ranges to generate a regular grid of surface elevations. 12 Approxi-
mately 100,000 data points were used to generate a tangent polar stereographic grid
with spacing between grid points of 20 km. Figure 1* shows the geographic pa tern
from that grid, which extends over the ice sheet, and exposed land of some coastal
areas. The grid elevations were referenced to the GEM 10-B geoid. SEASAT-derived
elevations may be lower on average than elevations derived by other means from
between 2 to 3 m.13

The GEOSAT spacecraft was launched in March 1985 and provided 18 months
of high-resolution radar altimeter data between latitudes 720 S and 720 N during its
primary Geodetic Mission. 14 Eighteen months of data over Greenland were re-
tracked I1 and used to generate two grids. Figure 2 shows the geographic pattern
from the polar stereographic grid with spacing between points of 20 km. Because
GEOSAT provided as much as 10 times the amount of data as SEASAT over the ice
sheet (personal communication with Brenner, 1991), NASA also generated a polar
stereographic grid with a 10-km spacing between points. The elevations in both grids
were referenced to the GEM-10B geod.

The quality and quantity of non-ocean measurements from the two altimeter
missions differ because of hardware and software modifications to GEOSAT.15 Over
the ice sheet, GEOSAT provided uenser coverage than SEASAT. Over smaller scale
roughness on the ice sieet, GEOSAT tracked better because of modifications to its
tracking algorithm However, because of instrument modifications, once GEOSAT
lost track signal reacquisition was not as quick as for SEASAT. For this reason, over
ice-free rougher terrain where tracking loss often occurred, SEASAT provided a
better description of the topography.

'All figurvs are pre i t-d;At t he. end of the lext.

3
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RADIO ECHO SOUNDINGS

During 5 years in the 1970's, 1971-1972,16 1974,17 1978,18 and 1979,19 Danish
investigators collected radio echo soundings over an extensive area of Greenland.
The data were collected at altitude by aircraft, and Figure 3 shows the tracks of data
available from the World Data Center-A for Glaciology ISnow and Ice]. Nearly
26,000 ice surface heights and nearly 18,000 underlying bedrock surface heights
were available for southern Greenland. All heights are relative to mean sea level as
measured by a barometric altimeter. Figure 4 presents an example of 800 nmi of
radio echo soundings collected in 1974 between 680 and 740 N. In this figure the ice
surface occasionally reaches more than 2800 m above the bedrock surface.

The principle of a radio-echo sounder is described by Evans and Smith."O Dis-
tances between the instrument and reflecting surface are measured by transmitting
a radar pulse and timing the delay before the reflected pulse is received. Measuring
distances to the ice and ice-covered bedrock surfaces requires two signals of different
frequencies. The higher frequency, 300 MHz, is reflected by the ice surface while the
lower frequency, 60 MHz, penetrates the ice and is reflected by the bedrock. During
data collection, oscilloscope images of the reflected signals are recorded on 35mm film
for later analysis.

The images on the film give a measure of the time elapsed between signal
transmission and echo return subject to propagation variations and systematic
errors. For all bedrock soundings, the electromagnetic wave velocity of 169 m/ps in
solid ice with a density of 920 kg/m 3 was assumed. Though wave velocity varies with
ice density, no corrections were made because the density profile of the ice sheet is
generally unknown because of the limited distribution of ice cores.2 1,22 In addition,
the broad radiation pattern of the antenna may result in reflections from surfaces not
directly below the antenna. Landforms, such as mountains, or inhomogeneities in
the ice sheet, such as ice lenses in the firn, far away from the aircraft, may appear on
the sounder. Though this phenomenon may add noise to measurements, no correc-
tions were made. Ranges were corrected for the cable length between the transmitter
and the antenna because transmission time was measured from the transmitter. The
resulting range accuracy of the radar is 10 m or 1 percent of the measured depth,
whichever is greater. 20 After computing ranges, the positions of the aircraft were
used to determine mean sea level elevations.

Associated with each measurement are coordinates determined by an Inertial
Navigation System (INS) onboard the aircraft. Coordinates determined by the three-
axis INS have a horizontal accuracy of 1-5 km.23 Inaccuracies in aircraft altitude
were large and required correction. Locations defined by the Navy Navigation
Satellite System (NNSS) and other sources provided reference points to calibrate
track altitudes. Crossovers with calibrated tracks were used to correct those tracks
not passing over reference points. Additional comments on the vertical accuracy of
the aircraft positions are provided below.

4
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GEOLOGICAL MAP

A tectonic/geological map of Greenland, 24 developed by the Geological Survey ot
Greenland, was obtained through the Library of Congress. Of interest on this map
are contours of topographic heights of the ice sheet and exposed land near the coast.
Also contoured is the surface underlying the ice. The sources of this topographic
information were maps from the Geod~etisk Institut, Kobenhaven, and World
Aeronautical Charts published by the U. S. Air Force.

GRAVITY ANOMALIES

Gravity measurements collected near the Greenland coast by surface ship and
overland by various means were compiled by NRL and the Defense Mapping Agency
Aerospace Center (DMAAC). Many sources contributed to these data, but the pri-
mary sources were from Greenland, Denmark, the United States, Canada, and
Sweden. The distribution of data compiled by NRL is shown in Figure 5 and by
DMAAC in Figure 6. As can be seen from these two figures, significant overlap exists
between the overland data held by these two organizations. Further, it is evident
that an abundance of offshore data exists. These data are primarily sea surface
measurements with an occasional sounding. Data on land are concentrated sporad-
ically near the coast with four notable ice-traversing tracks. 1h. both data sets, one
track appears near 75' N with t'vo more, nearly overlapping tracks around 7°,O N. In
the DMAAC data set a short 45-km track near 670 N also appears. The overland
track data were collected by an aircraft landing on the ice. The data consist of the
observation station coordina,,es and elevation, observed gravity, and free-air and/or
Bouguer anomaly.

The gravity anomaly describes perturbations of the field caused by variations in
mass distribution. It is the difference between observed gravity reduced to the geoid
and a theoretical value on LhL reference ellipsoid. The international gravity
formula25 predicts the value of gravity on the ellipsoid as a function of latitude.
Various corrections are introduced to reduce the observed value to the geoid. The
free-air correction adds to the observed value the effect of the elevation of the
observation station. The Bouguer correction is introduced to account for the masses
between the station and sea level. The purpose for the gravity reduction defines the
type of corrections that are applied to the observed gravity value. In the analysis
presented below, free-air anomalies were used because of their strong correlation
with topography.

5
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METHODS

Using these data sets, surface elevation grids of the ice and bedrock topography
of southern Greenland were developed. The grids were used to model the geopoten-
tial of the same area.

SURFACE ELEVATION GRIDS

Independently no single data set sufficiently describes either the ice or bedrock
surface. For this reason, composite data sets for the ice surface and bedrock surface
were developed. This involved editing data sets based on their relative strengths and
merging them. After the composite data sets were developed, they were interpolated
into rectangular grids.

The topographic elevations of Greenland south of 72' N, including the inland ice
sheet and coastal ice-free areas, will be referenced as the composite ice surface. The
composite ice surface was developed from three data sources. The GEOSAT 20-km
elevation grid provided data for the interior ice sheet, which were consistent with
large-scale features found on the geological map. Further, comparisons of these data
with the SEASAT 20-km grid elevations 26 indicated a significant average height
increase, which is consistent with a growing ice sheet. However, in coastal ice-free
land areas defined by Bindschadler's maps, 13 the GEOSAT 20-km grid contained
sporadic negative elevations. These were inconsistent with elevation contours on the
geological map and different from the SEASAT 20-km grid elevations* by as much as
1.99 km. For these reasons, the GEOSAT negative elevations were manually edited
and replaced with SEASAT or other elevation data (Figure 7). SEASAT elevations
were substituted when consistent with the geological map and when SEASAT grid
point uncertainties were significantly smaller than those from GEOSAT. In loca-
tions where neither GEOSAT nor SEASAT provided reliable data, elevations were
estimated using averages of nearby elevations from the NRL gravity data base. The
remaining negative heights, principally near the coast, were substituted with values
interpolated between the ocean surface and valid data base grid points above sea
level.

The elevations of ice-covered bedrock and coastal ice-free areas south of 720 N
will be referenced as the composite bedrock surface. The composite bedrock surface
was developed from the Danish radio echo soundings of the bedrock and other data.
In the coastal ice-free areas where gaps exist in the radio echo soundings, the Danish
data were supplemented with the manually edited elevations from the composite ice
surface data base, their locations shown in Figure 7. These data were used to
generate the composite bedrock surface elevation grid.

In the coastal alrcas where terraiui is rougher than over the inland ice, SEASAT generally described
the t opogra phy better than GEOSAT i.see the Satellite Radar Altinetry sect ion).

6
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In addition to the composite ice surface elevation grid developed primarily with
satellite altimetry, a second grid of that surface was generated. Using the Danish
soundings of the ice surface and the same manually edited elevations supplementing
the bedrock elevations, the Danish ice surface elevation grid was generated.

All three surface elevation grids were developed from their source data in a
similar manner. Each respective data set was augmented with zeros representing
ocean surface elevations. These zeros extended outward from the shoreline, making
the dimensions of the rectangular grid area 38.4 longitude degrees by 12.0 latitude
degrees. Using these augmented data sets, grids with a spacing between grid points
of 0.2 deg in latitude and longitude were developed.

A technique developed by Braile 27 was used to interpolate the data onto a regu-
lar rectangular grid. This technique is based on fitting a polynomial to a small region
of the grid area. The fitting region contains several grid points and is moved succes-
sively as a template over the entire grid area. The characteristics of the gridding
operation can be controlled by the choices of the order of the polynomial, the size of
the fitting region, and the number of grid points to interpolate in each fit region. The
best-fitting, in a least-squares sense, surface is determined and from it grid points are
interpolated.

The order of the polynomial used is dependent on the number of data points in
the fitting region. The chosen order of the polynomial is reduced dynamically until
the number of points available are sufficient for solution. This provides for optimum
fitting in areas of high and low data density and minimizes edge effects. The grids of
all three surfaces were made using a third-order polynomial. The fit region template
for the ice surface grid was 2 deg square while those of the bedrock and Danish ice
surface grids were 3 deg square. Larger fitting regions were used for the latter two
surfaces because of track-spacing irregularity and gaps in data distribution. Sixteen
grid points were interpolated per fit region r all three surfaces.

The first two of these grids were subsequently used to generate a model of the
geopotential trends in southern Greenland. The third grid, the Danish ice surface,
was used to evaluate the elevation accuracy of the bedrock surface where defined by
the radio echo sounding data.

GEOPOTENTIAL MODELING

The composite topographic data base of southern Greenland consists of mean sea
level elevations of the ice surface and bedrock surface in grids with a spacing between
points of 0.2 deg. This data base provides, assuming a density structure, the localized
mass distribution and thus insight into geopotential components. As constructed
from available source data, the elevation grids cover the area between 60.50 and 72.30
N latitude and between 20.80 and 59.0' W longitude. There are 11520 data base
elements each having two elevati~n values. Elements located offshore had zero

7
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elevations before the gridding procedure; however, because of edge effects of the
surface fit, small nonzero elevations exist in some locations near shore. For inland
elements, the lower elevations define either the exposed bedrock surface or the inter-
face between the bedrock and overlying ice. The upper elevations, when different,
provide the surface topography of the Greenland ice sheet. Thus, the composite
topographic data base defines the mass distribution for southern Greenland as two
sets of rectangular prisms with common element bases, see Figure 8.

The geopotential effect of this irregular mass distribution can then be calcu-
lated at discrete points. Assuming a constant density for the material within each
prism element, the data base becomes a finite element representation for the mass
distribution. Taking 2.67 g/cm 3 as the density of the bedrock layer and 1.00 g/cm 3

for the ice layer, two integrations over the mass layers are required to calculate the
effect of the masses at a given point.

The numerical integration is accomplished using the methods described in
Forsberg, 28 which provides closed-form expressions for the contribution of individual
elements (rectangular prisms) to various gravimetric quantities. At each computa-
tion point, these formulas are evaluated then summed over all elements of the com-
posite data base, implying up to 23040 computations for each point, since two distinct
density layers are present. In practice, templates of desired radii may be used to
reduce the complexity of the computations. An inner template defines the region
where exact formulas are used. A larger template zone is defined in which approxi-
mations are made to increase computation speed. Prisms external to the second
template radius are processed with still further approximations. The template radii
for the computations performed in this study were 50 and 1000 km.

The result of this integration is the components of various gravimetric
quantities due to the anomalous mass distribution above mean sea level. These
components are wavelength limited by the resolution of the data base and represent
only part of the amplitude of the full geopotential field. The results of modeling only
the anomalous mass distribution, if accurate, should correlate with intermediate
wavelengths of the full geopotential field and provide insight into geopotential trends
in the region. Geopotential forecasts based on this model are compared with free-air
anomaly profiles below.

1.00 gicni 3 was u.ed , ,all cahculal ins involving the ice sheet. Although the density oftice at 00 C is

0.92 g cm 3, the temperature and pressure distrihution throughout the Greenland ice sheet is

complicated and unknown. Given the resolution and accuracy of the data base, the as.;umed density

wa. considered sulficor il lor lit' purpose (if this analysis.
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RESULTS

COMPOSITE TOPOGRAPHIC DATA BASE

The contoured ice surface presented in Figure 9, and its three-dimensional
perspective in Figure 10, show features similar to those generated by NASA inves-
tigators.1l,1 3 The highest elevations, over 3100 m, occur near the northern extent of
the area. An ice ridge strikes NNE through the center of the ice sheet flanked by
steep gradients on the east coast and more ge- 'e gradients on the west.

The contoured bedrock surface presented in Figure 11, and its three-
dimensional perspective in Figure 12, show physiographic features consistent with,
but in much more detail than, the geological map. Apparent on the east coast are the
steep gradients of mountain ranges formed by uplifted Paleozoic folds. In the center
of the island, the southern northward-tilting basement block may be evidenced by the
slope, in that direction. The depression, possibly separating the two tilted basement
blocks, can be seen between 680 N and 700 N.

The contoured Danish ice surface presented in Figure 13 has features similar to
the ice surface in Figure 9. The mean elevation difference* between these two sur-
faces is -12 m with a sigma of 170 m. The sign of this result indicates that the com-
posite ice surface is on the average slightly higher than the Danish ice surface.
Figure 14 gives the locations of differences whose absolute values were greater than
100 m. These differences are primarily located in the coastal regions, where gaps in
the Danish soundings exist, and near the northern limit of the map area where grid
edge effects may introduce variability. Although differences between these two
surfaces exist, the Danish ice surface is generally consistent with the composite ice
surface. This is evidence that the vertical positions of the aircraft collecting these
data were well determined, and the Danish ice surface soundings are an accurate
data set. Further, the Danish bedrock surface soundings, collected simultaneously
with the ice surface soundings and reduced in a similar manner, have acceptable
vertical control. This suggests that the composite bedrock surface is generally an
accurate description of the physical bedrock surface where data are available.

GRAVITY DISTURBANCE AND VERTICAL DEFLECTION
TRENDS IN SOUTHERN GREENLAND

With assumed values for the density of the ice and bedrock layers, the
topographic data base was used to approximate the mass distribution of southern

()ri" diter-nices who.,, ,k,,olIute vali ue, were greater whan 0 05 rn were used to determine thc.e

st t q s| t i , " thus (1111111iat Ijg oceani grid ) mlit. wit h null e vatit 1)ls,.
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Greenland. The geopotential effect of this irregular mass distribution was then
calculated for discrete points lying external to the mass. The quantities determined
through these computations were gravity disturbance and vertical deflection.

Since the survey of Greenland is planned to be flown at constant altitude, geo-
potential computations for southern Greenland were made on a constant altitude
surface 2000 ft above the highest grid point in the data base (3195 m). The computed
values of gravity disturbance and vertical deflection, at a grid spacing equivalent to
that of the data base, were contoured. The results are provided in Figure 15 for
gravity disturbance and in Figures 16 and 17 for the two components of vertical
deflection. The gravity disturbances at altitude provide insight into the spatial
wavelengths of the field and thus can contribute to the airborne survey design. For
example, in the central longitude zones of the island, where the ice sheet is the
dominate feature, the geopotential field is more slowly varying. To the resolution
and accuracy of the data base, there are east-west variations as small as 70 mgal
over distances as great as 15 deg. Contrasted to this are the coastal zones, which
demonstrate variations in gravity disturbance of up to 200 mgal over 2.5-deg arc
lengths, with even higher gradients in some regions. These high-amplitude spatial
variations are associated with the large variations in the bedrock topography in
many coastal areas (see for instance Figure 11). These larger gradients are also
found in the east-west component of vertical deflection along the eastern coastal
regions as shown in Figure 17.

A three-dimensional perspective of the disturbances at altitude is given by
Figure 18. Notice that the disturbance field is highly correlated with the bedrock
topography (Figure 12) as expected.

In terms of survey design for geopotential recovery, these results suggest that
denser spaced tracks are required in an east-west direction in many coastal regions
with greater track spacing being adequate over most of the central ice sheet. Without
the use of a track-spacing factor that is geographically adjusted, it is likely that the
mean gravity anomalies recovered from the airborne data will demonstrate
significant biases in these high gradieni provinces.

In the section that follows, examples of gravity disturbances on the surface
computed from the topographic model will be compared with measured free-air
anomalies.

COMPARISON OF GEOPOTENTIAL FORECASTS WITH

FREE-AIR ANOMALY DATA

Linear Profiles

The gravity disturbance on the physical surface P' is related to the free-air
gravity anomaly to first order by the following equation:

10
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8g," = Ag) + H-H- aN (1)aJ h a h a 1 h

where P is the corresponding point on the geoid; H is orthometric height; N is the
undulation at P and 1, is normal gravity. Examining the contribution of each term in
the right-hand side of Equation 1, it is evident that the gravity disturbance will be
spatially correlated with free-air anomaly.

In the comparisons that follow, that part of the total gravity disturbance of
Equation 1 due to the anomalous mass distribution above mean sea level is computed
from the composite topographic data base at the surface locations P' where point
anomaly data have been measured. Since this component of the total disturbance is
due to the anomalous mass, it is expected to also demonstrate a strong correlation
with topography and thus with the free-air anomaly, again to the resolution and
accuracy of the data base.

Figure 19 shows the location of a primarily east-west anomaly profile across
southern Greenland found in the NRL holdings. The profile has a longitude extent of
over 16 deg. Using the data base model, gravity disturbances were computed at the
locations of these surface grav,ty stations. The location of each point was extracted
from the NRL gravity anomaly file along with the point elevation. Figure 20
provides the free-air anomaly values along the profile and the gravity disturbances
simulated from the data base model. The disturbances here have been translated by
the subtraction of 93.1 mgal to bring the two scales into general agreement,. A
comparison of these profiles shows that the overall trend in the actual anomaly data
appears in the simulated results. Several of the shorter wavelength variations are
common to both profiles although the variation in magnitude of the simulated data is
much less.

Figure 21 gives the location of another free-air anomaly profile found in the
data provided by DMAAC. This profile covers approximately 2.5 deg of longitude
near the eastern coast. The disturbances at these locations predicted by the topo-
graphic model, translated by -79.7 mgal, are found in Figure 22 along with the
anomaly data. Again the overall decreasing trend in the free-air data is present in
the disturbance profile.

Figure 23 shows a companion profile from the NRL data set to the profile in
Figure 19, with approximately 15 deg extent in longitude. Figure 24 provides the
fiee-air anomaly and computed disturbance profiles after removal of 83.0 mgal. In
this example, the general trend over the extent of the track is present in the dis-
turbance results; however, its slope is significantly greater than in the anomaly data
Shorter wavelengths seen in the anomaly data are generally missing from the
disturbance.

11
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Two points need to be made regarding these results. First, using the topo-
graphic data base and constant layer density, intermediate wavelength trends in the
observed anomaly data can generally but not always be predicted. Because of the
resolution and accuracy of the data base and density assumptions, short wavelengths
in the field are generally not represented by the model. The shortest wavelengths
that can be represented are about 0.4 deg. Thus, the computed disturbance field is
generally smoother than what will be acquired by the airborne survey. Second, since
the disturbances are based solely on the modeled representation of anomalous mass
above mean sea level, all numerical results will be biased due to the geopotential of
unmodeled mass below mean sea level.

Area Profiles

To further evaluate the model, three-dimensional perspectives of observed free-
air anomalies and computed gravity disturbances were generated. The observations,
collected on the surface in several regions near the coast, are irregularly distributed
and contain gaps. The gravity disturbances were computed at the same locations
where observations were collected. Before perspectives were generated, regular grids
were developed during which values were interpolated in areas void of data.
Therefore, the features in these areas, shaded in the figures, are probably inaccurate
and should be ignored. The coastal regions presented often coincide with areas where
data base elevations are weakest and where extensive data editing was necessary.
For these reasons, some disagreement is expected in the comparisons between
perspectives of the computed gravity disturbances and those produced from measured
gravity anomalies.

The first area considered, known as GCsefjord, is shown in Figure 25. Twenty-
five measured free-air anomalies in the area were found in the gravity data provided
by NRL. An enlargement of the area showing the locations of the free-air anomalies
is given in Figure 26. figure 27 shows the three-dimensional perspective of these
anomalies and the computed gravity disturbances. In the rectangular area
presented, there is no occurrence of measured anomalies (see Figure 26) in the
southwest corner so the corresponding area is shaded in Figure 27. A comparison of
the light surfaces shows some common trends. For instance, each surface shows a
dominant crest extending west from near 69.5 N. On the southwest side near 27. ° W,
a smaller convex feature appears on both surfaces.

Figure 28 provides the value of the free-air anomaly and disturbance at each of
the 25 points of Figure 26 numbered consecutively from west to east. Of the 24 con-
secutive pairs of points in this ordering scheme, the direction (increase or decrease) of
change in the anomaly was predicted using the model disturbances in 22 cases.
Success in predicting the magnitude of the change varied.

A second example is provided by the anomaly data available in Holsteinsborg,
Figures 29 and 30. The three-dimens.onal perspective of the anomaly data and

12
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modeled disturbance appear in Figure 31. Again trends in the anomaly data are
predictable using the modeled disturbances. For example, a prominent eastward
slope appears in the anomalies and the disturbances.

A third example of this type of comparison is Jameson Land, Figures 32, 33,
and 34.

CONCLUSIONS

Regular grids of the ice surface and bedrock surface of southern Greenland with
assumed density structures provide models of the localized mass distribution and
insight into intermediate wavelengths of the geopotential. The geopotential model is
limited by the resolution and accuracy of the composite topographic data base and the
assumption of density homogeneity in the ice and bedrock layers. Track and regional
comparisons between the modeled geopotential and free-air anomaly data collected
on the island generally show similarities in their intermediate wavelengths. Though
short wavelengths of the anomalous field are not represented in the model, it can
support survey design and interpretation of new survey data from the region.
Further comparisons of the model with data acquired in 1991 are planned.
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