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Summary

The gravity field of the Arctic Ocean region is of prime importance for global gravity field and geoid models, for providing information on the geology and tectonics of the Arctic Basin, and for navigation and orbit determination.  Planned satellite gravity field missions such as CHAMP, GRACE and GOCE will all to a varying degree be strongly affected by the gravity field of the polar areas, especially for the satellites launched with a non-polar orbit, where a polar gap will remain in the coverage.
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On-going gravity activities over many years have resulted in a nearly complete coverage of the Arctic with gravity field data. In recent years major airborne and surface survey activities have been carried out in the High Arctic and Greenland, US nuclear submarines have criss-crossed under the ice on scientific cruises, and Russia has continued a decade-long program of surface and airborne gravity measurements. Recently an international initiative, involving scientists from all circumarctic countries, has been taken to compile all available and releasable gravity data  into a 5’x5’ uniform, public-domain gravity grid in year 2001. The paper will report on the progress of the project, and show examples from some recent airborne gravity survey activities.

Introduction
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The Arctic Region has been a focus of various bathymetric and gravimetric activities since the early 1990’s. The development of a modern bathymetric database of the Arctic was initiated in 1997 under the auspices of the International Hydrographic Office (IHO), with the goal that a bathymetric database north of 64( North would be compiled. This IHO International Bathymetric Chart of the Ocean (IBCAO) is currently being developed for use by mapmakers, researchers, and others whose work requires a detailed and accurate knowledge of the depth and the shape of the Arctic seabed. To complement the activities of the IHO, an initiative to develop a detailed gravimetric database over the Arctic was proposed at the International Conference on Arctic Margins (ICAM) in Celle, Germany, in October 1998. The goal of the newly created Arctic Gravity Project (ArcGP) would be the compilation of public-domain 5’x5’ free-air and bouguer gravity databases above 64( North including the Arctic Ocean, Greenland, and the margins of North America and Russia. Iceland and Greenland would be fully covered even though their southern extent is below 64( North. The National Imagery and Mapping Agency (NIMA) would act as the data repository for the project and perform the gravity compilation activities with support from all the ArcGP working group members. Additional tasks for the ArcGP working group are to compare and calibrate different gravity sources, e.g. comparison of airborne, satellite, surface and submarine data, and the computation of an arctic-wide geoid model. The total list of countries participating in the ArcGP include the United States, Denmark, Canada, Russia, Norway, Sweden, Finland, Iceland, England, France, and Germany.  The International Association of Geodesy has approved the ArcGP as a “Special Study Group” belonging to Section III - Gravity Field Determination. 

During years 2000 and early 2001 the Arctic Gravity Project hopes to expand and improve the current holdings leading to the final compilation in mid-2001 with Russian data, more oil company data (e.g., north of Alaska) and to incorporate data from current field activies by airborne and submarine surveys.

Arctic Gravity Project

Theory and Method

The gravity collection platforms for the Arctic Gravity Project are categorized by three main types: surface(ground, helicopter, and marine), airborne, and submarine. Along with these types, satellite altimetry has been used over both the ice-free and ice-covered areas to varying degrees of success up to the limits of ERS-1 coverage(81.5(N). Each of these types will play a role in the compilation of the final gridded 5’x5’ free-air gravity database. But the Arctic Region is very remote and inaccessible so the advent of long-range airborne gravity surveying using kinematic GPS techniques has revolutionized the methods of data collection in this area.  The airborne gravity holdings in the Arctic are currently the predominant data source over the Arctic Ocean and Greenland and are primarily the result of surveys by the US Naval Research Lab. These airborne surveys comprise approximately 40% of the current ArcGP holdings, so it’s appropriate to summarize the details of airborne gravity.

The principle of airborne gravity is quite simple: By flying a modified marine gravimeter the total sum of gravitational and ficticious forces are measured, and by using GPS-determined velocity and acceleration results, it is possible to reduce the ficticious forces related to airplane movement. The basic free-air anomaly at altitude is obtained by
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(1)
where g is measured gravity, hGPS the ellipsoidal height, Ceot is the Eotvos correction, (o the normal (ellipsoidal) gravity and N the geoid height (an approximate model such as EGM96 (cf. Lemoine et al., 1996) is sufficient). The last term of equation (1) represents the attenuation of normal gravity with altitude. For high altitude flights (such as in Greenland, approximately 4 km flying height) second order terms should be included as well.

It is important for the evaluation of the airborne gravimetry that cross-over point analysis is performed on free-air anomalies rather than actual gravity, since anomalies to first order will be independent of the actual flight elevation. Due to noise in both gravity and GPS measurements, all quantities entering (1) must be suitably lowpass filtered. One example of this is the use of a second order Butterworth filter, with a full-width (half-wavelength) resolution of approx. 100 sec, corresponding to an along-track resolution of approx. 6 km. 
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The gravity g of (1) is typically measured by a Lacoste and Romberg S-model gravimeter, a quite complex gravimeter, where both spring tension and beam velocity are used for measuring gravity changes, relative to stationary base readings at the airports. The determination of the scale factor relating gravimeter spring beam velocity and the spring tension (the “k”-factor) is done from the airborne data themself, cross-correlating vertical phugoid accelerations measured by GPS gravimeter vertical accelerations (cf. Olesen et al., 1997). The cross-correlation process at the same time allows for estimating possible time offsets between the data streams with an accuracy of a fraction of a second (1 Hz data used in the present processing). Further corrections are applied for gravimeter platform tilt, which may be recovered from a combination of platform horizontal accelerometer output and horizontal GPS accelerations.

Geoid models are determined from the available airborne and surface gravimetric data using a remove-restore technique, where the anomalous (non-ellipsoidal) gravity potential T (related to the geoid through Bruns’ formula, N = T/(, where ( is normal gravity) is split into three terms

Arctic Gravity Project

   T = T1 + T2 + T3 




(2)

The first term is given by the spherical harmonic expansion of the geopotential to degree N=360 (EGM96), T2 is an (optional) contribution from the local irregularities of the topography (computed from a digital terrain model using numerical integration techniques), and T3 the residual gravity field due to subsurface structures. The T2 term is especially important in areas such as Greenland, where the coastal mountains contain considerable topographic signal. The residual geoid contribution is computed from the residual gravity by Fourier methods
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             (3)
where ( is the two-dimensional Fourier transform and S the classical Stokes’ function (cf. Heiskanen and Moritz, 1967). Spherical modifications are used, so that the convolution (3) may be formulated virtually exact on the sphere, for details (c.f. Forsberg and Sideris ,1993).

In the present implentation land and airborne data are gridded using least-squares collocation, taking into account tailored covariance functions  (Forsberg, 1987) of the data. The measurement errors in collocation  utilize  standard deviations that have been generated from cross-over statistics of the airborne data and survey accuracies of the land gravity data.
Examples

Using the various sources available to the project, important results are currently being analyzed between the NRL airborne data, KMS=National Survey and Cadastre, Denmark airborne data, Russian airborne data, Alfred Wegener Institute(AWI) airborne data, and satellite altimetry gravity anomalies from the Bureau Gravimetrique Internationale, Laxon = Dr. Seymour Laxon/University College, London

Comparisons of Data – Greenland and Frans Joseph Land

Difference (mgal)
Mean
Std. Dev.

NRL-KMS(Greenland)
-2.5
5.6

NRL-KMS(Svalbard)
-0.4
4.3

KMS-PMGE/Russia(Frans Joseph Land)
3.6
4.6

AWI-KMS(Greenland)
-1.5
7.5

AWI-NRL(Fram Strait)
-6.9
5.5

Altimetry(BGI)-KMS
-1.4
12.2

Altimetry(Laxon)-KMS
-1.1
15.3
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Overall, small mean differences are shown from different platforms and measuring systems, indicating good data compatibilty for individual datasets to be merged into the final gravity compilation. The gravity data provided for ArcGP has been merged into a comprehensive database above 64( North. For the first time, an overall picture of the Arctic is emerging with major geophysical features identified. The Eurasian and Canadian Basins along with features such as the Alpha and Lomonosov Ridges can be seen. This preliminary plot of the free-air gravity anomalies shows the overall features of the Arctic and the exciting prospects for the final compilation.

Arctic Gravity Project

Conclusions

The gravity data provided to date for the Arctic Gravity Project has been very accurate and is the result of improved navigation solutions for GPS and research into better modeling and processing techniques for airborne, marine, ground, and submarine collections. Currently, airborne gravity solutions by NRL and KMS, Denmark, have an error of approximately 2 mgal RMS with a 6 km resolution. The resulting geoid from the Arctic gravity compilations is hoped to meet an accuracy goal below 10 cm. The ArcGP gravity database will be of great benefit to researchers in geodesy, geophysics, navigation, precise orbit determination,  and geoid modeling.
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Agency/investigator


Area


Data

National Land Survey (LMV) - Sweden

Swedish point gravity data (2.5’ resolution)

Geodettinen Laitos – Finland

Finnish point gravity data 

Statens Kartverk (SK) – Norway

Svalbard/Norway available land and marine gravity data

Orkustofnum - Iceland


Icelandic land and marine gravity data

National Survey and Cadastre -Denmark
Greenland land, marine and airborne gravity data 

Tsniigaik - Russia


European Russia 10’ gravity grid

NIMA –USA



North American point and NRL airborne data

B. Coakley – Lamont/USA 
 
SCICEX Arctic Ocean submarine gravity

Geomatics Canada (EMR) - Canada
Canadian data, incl. new Ellesmere Island data

Alfred Wegener Institute - Germany

Fram Strait/Greenland airborne and marine gravity data

Bureau Gravimetrique - France

Marine gravity from satellite altimetry over sea-ice
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