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PREFACE

This report was prepared by Dr. Steven J. Mock, Geologist, of the Snow and
Ice Branch, Research Division, U.S. Army Cold Regions Research and Engineering
Labora tory . Dr. Samuel C. Colbeck of USA CRREL participated in the 1972 and
1973 field programs.

The work performed in this study was sponsored by the National Science
Foundation under grants AG-378 and AG-248.

Technical review of this report was performed by Stephen F. Ackley and
Dr. Anthony J. Gow of USA CRREL.

The author wishes to acknowledge the assistance of the Satellite Surveys Branch
of the U.S. Defense Mapping Agency (Bert Sharpe, Chief) and the following
individuals of USDMA, all of whom, during various field seasons , were responsible
for Geoceiver operations: Edward 0. Hipsley, Thomas Klockenbrink, Manuel
Quintero, William Young and Kenneth Croissant.
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SUMMARY

Eight Geoceiver Stations have been established along or near the crestline of
the Greenland ice sheet as part of the Greenland Ice Sheet Program. The Geoceiver
is a portable doppler geodetic receiver, receiving and recording signals broadcast by
the earth-orbiting transit satellites of the U.S. Navy Navigational Satellite System.
Processing of the data enables the position of the antenna in an earth.centered
coordinate system to be specified with accuracies approaching ± 1 m.

The stations were established primarily to determine ice velocities, but they also
serve as navigational checkpoints for radio-echo ice-sounding flights. Since the ice
is in constant motion, the ice velocity can be determined by measuring successive
positions of a suitable marker embedded in the ice. To date, only one station,
DYE-3, has had a second-position determination necessary to determine the ice
velocity . In this case, three positions were determined, resulting in two ice velocity
measurements. These velocities were consistent with each other, and a velocity of
12.7 m yr’ was adopted.

Data from earlier expeditions have been used to calculate the state of equilibri-
urn of the ice sheet in central Greenland. Two independent calculations give
change of ice thickness rates of — 0.25 m yr ’ and — 0.37 m yr’, while optical
leveling indicates a rate of + 0.06 m yr~ . Ice velocity vectors near Crete indicate
that the ice is emanating from a dome of outflow to the south rather than from
a dome to the north as had been expected. This bears directly upon site selection
for a proposed deep borehole to penetrate the ice sheet.
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GEODETIC POSITIONS OF BOREHOL E SITES OF THE
GREENLAND ICE SHEET PROGRAM

Steven J. Moc k

INTRODUCTION U.S. NAVY NAVIGATIONAL
SATELLITE SYSTEM

The Greenland Ice Sheet Program (GISP) was be-
gun in the summer of 1971 with the successful re- At the present time the Navy Navigational Satellite
covery of 373 m of core from a borehole drilled at System (NNSS) consists of six satellites in Gircular
DYE-3, Greenland, and the installation and initial ~ur- polar orb its. The sate ll ites continuously tran smit
vey of a network extending some 16 km up the flow- information, with each message beginning and ending
line from the borehole site. Among the objectives of on every even minute. The information consists of
GISP, other than the program of intermediate and two stable carrier frequencies of approximately 150
deep drilling, was the requirement to provtd~ ice strain and 400 MHz, timing signals and the satellites’ pre-
and velocity information at drill sites as well as at ether dicted orbital parameters.
locations for modeling and assessing the state of the The Geoceiver (geodetic receiver) is one of several
ice sheet’s equilibrium, instruments designed to receive, transform, and record

• The measurement of surface strain rates on a large satellite information for later reduction to geodetic
ice sheet is easily and routinely accomplished by con- position. The Geoceiver includes a precise internal
ventional survey techniques. On the other hand, ice clock and a stable oscillator whereby the doppler shift
velocity determinations have always presented the of received frequency can be measured over accurately
considerable problem of how to measure the change in timed intervals. The doppler shift in turn is used to
position of markers when the fixed points nearest the calculate range changes from satellite to Geoceiver
markers could be up to several hundred kilometers which, since the satellite position is known, define the
distant. Despite attempts to use indirect techniques position of the Geoceiver.
such as repeated gravity measurements or seismic sur- Geoceiver operations in Greenland have used the
veys to detect systematic changes in bedrock con- point positioning technique (Defense Mapping Agency
figuration relative to a marked surface area, the only 1972), in which a geodetic position is derived without
practical method has remained that of carrying con- reference to any other positions except those of the
ventional surveys from fixed points over the ice sheet satellites. To achieve geodetic accuracies, the pre-
to the points of interest. Even repeated first-order dicted orbital parameters (broadcast ephemeris) trans-
astronomic positionings have given ambiguous mitted by the satellites are not used ; instead , a precise
results. ephemeris, calculated from data from a worldwide net-

The advent of the space age promised to alleviate work of tracking stations , is used for position calcula-
this problem, and with the development of the U.S. tion.

• Navy Navigational Satellite System, these promises The advantage of point positioning, using the precise
have come to fruition. This report briefly describes ephemeris, is that only a single Geoceiver need be de-
this system, the principles of utilizing it for position- ployed, while to achie~’e comparable accuracies, using
ins markets, and the positioning program that has been the broadcast ephemeris, requires a minimum of two,
carried out during four GISP field seasons, or normally more, instruments. The disadvantages of
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the point-positioning mode of operation are that real of the ice sheet, has a 15-rn snow temperature (approxi-
time positions are not obtainable and that normally a mately the mean annual air temperature) of —31°C and
precise ephemeris is prepared for only one of the six an accumulation rate of 16 cm ice yr~ (Dansgaard et
satellites. Since 30 to 40 satellite passes are required al. 1973). Ice thickness in the vicinity is about 3070
for a strong position, utilizing only a single satellite m (Gudmandsen 1973).
increases the time on station necessary. This is allevi- Four satellite passes were used for the position
ated to some extent by the high-latitude location of solution. The site was marked by 4 aluminum poles
Greenland, where the number of passes per given time approximately 4 m high at the time. The poles were
interval is substantially greater than at mid or low spaced 1 m apart, with the southernmost marking the
latitudes. Geoceiver position (see Fig. 2). Based on the typical

depth-density profiles (see Benson 1962), the poles
should remain visible for about 10 years or until 1982

GREENLAND OPERATIONS (1 972-1 982). j
A summary of stations occupied on the Greenland Crete

ice sheet is given in Table I and station locations are Crete was occupied for approximately four hours t
shown in Figure 1. Note that the elevations given in on 1 August 1972. The Geoceiver was set up at pole
Table I are heights above the reference ellipsoid, not T43 of the International Greenland Glaciological
above mean sea level. Elevations will be discussed Expedition (EGIG) (see Fig. 3). T43 marks the crest
more fully in a later section following a brief descrip- of the ice sheet based on optical leveling completed
tion of each station, in 1959 (Malzer 1968). Ice thickness at Crete is 3150

m with a smooth subice surface (Gudmandsen 1973).
Northsite

Northsite was occupied for approximately 4 hours
on 29 July 1972. This station, located near the crest

Table I. Geoceiver station data.

Elevation * Est accuracy
Station Date Latitude (north) Longitude (west) (m) (m)

Northsite 29 July 72 ls °46’o2:’942 42°26’34~409 2882.44 5

Crete 1 Aug 72 71°07’13 ’367 37°18’58 ’903 3214.14 5
DYE-3t 2 Aug 72 6s011~14:~627 43°49’49 ’729 2517.38 5
DYE—3 4-7 July 73 65°1 0’59 ’1 28 43°49 ’33~775 2525.18 2
Summit 6—8 June 74 72°1 7’09 ’594 37°58’47 ’1 87 3244.22 3
DYE—3 17-20 May 75 65°10’59 ’460 43°49’32 ’132 2523.75 2
South Dome 29 May-i June 75 63°32’45~336 44°35 ’56 ’551 2861.43 1.5
Saddle South 2-4 June 75 65°40’l 3 ’l 29 44°1 8’53~782 2536.71 2
Saddle North 7 June 75 66°11’31~648 43°39’44:’088 2534.14 —

Al 8June 75 67°27’18 ’542 41°58’49:’689 2575.94 5

* Elevations are height above ellipsoid to electrical center of antenna; they are approximately 40 m higher than
mean sea level elevations.
NWL 9D ellipsoid parameters: a = 6378.1 45 km

f = 1/298.25 km
t Site changed after 1972 position.
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Figure 2. A luminum poles marking Northsite. Station is at the southernmost (for
right) pole.

FIgure 3. Geoce,ver positioning at Crete. EGIG pole T43 is between man at left
and Geocelver antenna.
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I Dome? 5= area between two flowlines
I a = mean accumulation rate over S
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I Table II contains the data and results of these calcula-

?0°30’N t’ ns
39° 38° 37° 36’W

Figure 4. Velocity vectors of EGIG stations In
the vicinity of Crete. Table II. Data for ice equilibrium calculations. Strain

rates are fro m Karsten and Stober (1975), velocities
from Hofmann (1974).

A 404-rn core was obtained at Crete in 1974. No
surface glaciological program was planned, however, Parameters Crete (eq 1) Crete-T44 (eq 2)
inasmuch as results from the EGIG programs were
expected to satisfy the GISP requirements. Results of a 0.30 m yr_t
several of these programs have been published and are 6 — 030 m yr’ 1
of considerable interest, particularly as to how they
relate to potential sites for deep drilling to the base of h 3150 m 3100 m

the ice sheet. ah/ax —‘0
Fi gure 4 shows the velocity vectors at Crete and è + ê 1 74xi0~ m yr ’ 1

nearby stations as determined from the EGIG surveys X Y

of 1959 and 1967 (Hofmann 1974). These vectors u~ 3,86 m yr~
indicate that a dome of outflow exists to the south of 3.70 m yr 1
Crete;this is somewhat unexpected, since the summitof s iO~ mthe ice sheet is generally considered to be north of
Crete. In Figure 4 the velocity vectors have been pro- 170x10’ m2

jected upstream as straight lines to the area where they 81,/at —0.25 m yr ’ —0.37 m yr”
mutually intersect, an area of less than 10 km width,
some 36 km south-southeast of Crete.

Table I shows that Summit station, to the north of It is assumed in Table II that maximum shear strains
Crete, is at a higher elevation than Crete, as expected are concentrated near the base and that the surface
from available maps. The velocity vectors in Figure 4 velocity is a good estimate of the mean velocity through-
imply that a dome of outflow exists to the south of out the column. However, certain of the other data in
Crete. This suggests that the crestal region in central Table II are, at best, approximations. The ice thick-
Greenland is not generally linear but consists of at ness gradient at Crete is not known in the direction of
least two and possibly more discrete domes, flow and the basal conditions are completely unknown.

Using the EGIG data and the assumed position of These two calculations agree in sign if not in magnitude,
the dome, it is possible to calculate the state of ice sheet both indicating thinning of the ice sheet. On the other
equilibrium in the Crete area by two e3sentially m dc- hand, results of the EGIG optical levelings indicate that
pendent methods: the elevation at Crete increased by 0.5 m in the 9-year

interval between surveys (Seckel and Stober 1968),
= a — h ~~~ + — u ~~ which leaves knowledge of the state of equilibrium in

ôt ‘C y’ ‘ C 8x
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somewhat of a quandary. A second Geoceiver position subice surface is mountainous; Gudmansen (1973)
at Crete may help to resolve this problem, observed relief of up to 1300 m over horizontal dis-

tances of 5 km in the vicinity of South Dome, As in
DYE-3 the case of Summit, the site is not located on the

Three separate Geoceiver positions have been estab- summit of the southern dome of the ice sheet, which
lished at DYE-3. The 1972 position was made at sta- lies somewhere to the northeast.
tion 1 of the DYE.3 strain network over a period of Three stations were established for strain measure-
approximately 5 hours. The two later positions, each ments. Strain measurements were made over an 11-
made over a 3-day period, were made at a point close day period with a laser ranging system having a
to the DYE-3 radar station. The 1972 station was nominal accuracy of 5 mm ± 3 ppm. Significant
later referenced to the newer site by survey. The ice strains, equivalent toa strain rate of 3.7x10 ” yr’1,
velocities obtained from the three fixes are given in were measured on the longest line during this period.
Table Ill. This station is marked by a steel pole approximately

4 m high, topped by a radar corner reflector .

Table III. Ice velocities at DYE-3 from Saddle South
doppler positions. This station was established near the crest of the

ice sheet in the saddle between the northern and
Velocity Azimuth southern domes, Satellite stations for strain measure-

Period (m yr t) (~
) menlo were also established. No significant strains

were measured over a 10-day period.
1972-73 11.8 56 The site is marked by a steel pole extending 4,44 m

above the snow surface, topped by a radar corner re-
1973-75 12.7 61 flector. The maximum positive surface slope is to the

west.

Considering that the 1972 position was based on Saddle North
only 4 satellite passes, while the latter two used 30 to This site was occupied for approximately 5 hours
40 passes, the consistency of the two velocity solutions on 7 June 1975. Only two satellite passes were ob-
is quite satisfactory. Unfortunately, the change in served; thus, there is no estimate of accuracy given in
elevation between the 1973 and 1975 positions is Table I. The station is located near the crest in the
meaningless, since the station is in an area where snow saddle between the northern and southern domes of
removal operations are carried out by DYE station the ice sheet. The maximum positive surface slope is
personnel. Results of strain measurements arc being to the west-northwest . The station is marked by a
reported elsewhere (Mock, in prep), steel pole approximatel y 4 m high, topped by a radar

corner reflector .
Summit

This station was selected as being very close to the Al
true summit of the ice sheet as determined from avail- Station Al was occupied for approximately 4 hours
able maps. Surface mapping at the station showed on 8 June 1975. The maximum positive surface slope
that the ice sheet slopes upward to the northeast for is to the northwest. The station is marked by a steel
at least 10 km, the limit to which optical leveling was pole approximately 4 m high, topped by a radar corner
carried, reflector.

Satellites were tracked for three days by Geoceiver
and the antenna position was marked by a steel pole Station elevations
extending 9.13 m above the 1974 snow surface (see The elevations shown in Table I are heights above
cover photo). A radar corner reflector is mounted on the reference ellipsoid, in this case the Naval Weapons
top of the pole. Based on studies of a 29-rn core from Laboratory (NWL) 9D ellipsoid. In order to determine
Summit (Hammer 1975) , this pole should remain height above mean sea level (MSL), it is necessary to
visible for approximately 1 7 years, or until 1991. know the geoid height, defined as the difference be-

tween the reference ellipsoid height and mean sea level.
South Dome For measuring the change in elevation at a particular

This station was selected as being very close to the site as a function of time, elevations referenced to the
summit of the southern dome of the ice sheet. The ellipsoid are adequate, inasmuch as the geoid height
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variation over the few tens or hundreds of meters Snow, Ice and Permafrost Research Establish-
which a station might move are negli gible. However, ment (USA SIPRE ) Research Report 70.
for mapping the slope of the ice sheet, particularly AD 288219.
near and along the crest, elevations referenced to MSL Dansgaard, W., S.J. Johnsen, H.B. Clausen and N.
are necessary to define local domes of outflow. Gundestrup (1973) Stable isotope glaciology.

The Defense Mapping Agency (DMA) was requested Meddeleiser om Gr#n/ond , bd 197, no. 2,
to estimate the MSL heights of several of the ice sheet 53 p.
Geoceiver sites. At the time, seven doppler stations Defense Mapping Agency (1972) Report of the DOD
for which MSL heights were known had been estab - Geoceiver test program. DMA Report 001,
lished in Greenland. Regression equations were de- 183 p.
veloped from these seven stations to predict the Gudrnansen, P. (1973) Radioglaciology soundings at
deviation of the true geoid height from that calculated proposed drill sites. Laboratory of Electro-
from the gravity :nodel used in NWL ephemeris. Using magnetic Theory, The Technical University of
these predictor equations, MSL heights for DYE-3 and Denmark, Report Dl 85, 20 p.
Northsite were calculated. Fortunately, the geoid Hammer , C.V. (1975) Dating of Greenland ice cores
height is reasonably constant around +40 m near the by micro-particle concentration analyses. Pre-
crestline from southern to central Greenland. Thus, sented at International Union of Geodesy and
for the most part, the elevations shown in Table I Geophysics, General Assembly at Grenoble.
are reasonably accurate relative to one another and Hofmann, W. (1974) Die lnternationale Glaziologische
are on the a~’erage approximately 40 m higher than the Gr~inland — Expedition (EGIG), 2. Die
MSL height. geod~tische Lagemessung — Eisbewegung 1959-

67 in den EGIG-Profilen. Zeitschrift Für
Gietscherkunde und Glozia/geologie, bd X,

DISCUSSION p. 217-224.
Karsten, A. and M. Stober (1975) Deformation-

The capabilities of the Geoceiver as a geodetic messungen auf dem Grinl’ándeschen inlandeis
instrument have received extensive testing (Defense wahrend der Intern. Glaziologischen
Mapping Agency 1972) and in general have been found Gronland expedition 1974 , Polarforschung,
very satisfactory. Intrinsically, Geoceiver operations no. 1, p. 45-50.
on an ice sheet such as Greenland or Antarctica should Maizer, H, (1968) Das Nivellement ~iber das
present no problems other than those normally en- gr~inlandische Inlandeise der Internationalen
countered in the polar regions. Operations during four Glaziologischen Gthnland expedition (EGIG)
different GISP field seasons have demonstrated that 1959, Meddelelser om Grv/nland, bd. 173,
this is the case. In fact, as mentioned earlier, the high- no. 7.
latitude position of Greenland is an advantage, in that Seckel, H. and M. Stober (1968) Hoheninderung des
the number of satellite passe~ that can be observed gr~inlandischen Inlandeises, 1959-1968.
during any given period is substantially greater than Poiarforschung, bd V I, no. 1/2 , p. 215.221.
that at lower latitudes.

Of the eight Geoceiver stations that have been
established along or near the crestline of the Greenland
ice sheet, only one, DYE-3, has been reoccupied to
determine ice velocities. However, this has been done
tw ice at that site, giving very consistent results. As a
secondary benefit of the program, the stations have
been mar ked to form bright radar targets, thus serving
as nav igational checkpoints for low-level radio-echo
sounding flights.
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