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ABSTRACT. Results from analysis of kinematic global positioning system (GPS) sur
veying in Anta rctica a re examined to evaluate the feasibility of thi s technique for moni
toring sma ll glaciers. The experiment focuses on GPS fi eld methods and a comparison of 
profiles surveyed in different years. Kinematic GPS has proved to be a useful method of 
monitoring glacier surfaces. 

INTRODUCTION 

The monitoring of small Anta rctic glaciers is of interest 
because the glaciers a re expec ted to be sensitive even to 

small environmental changes and could therefore provide 
clear evidence of current and recent climatic changes. The 
use of traditi ona l methods to obtain the mass balance or to 
monitor the surface topography involve some problems 
that could a ffect the results. It is very difficult to maintain a 

network of stakes on a glacier surface; stakes may be broken 

by the wind, be buried in acc umulation a reas or melt out 
and fa ll in ablation a reas. The number of measured stakes 
seldom equals the number initia lly positioned. T hese 
problems a re enhanced in Antarctica since it is not poss ibl e 
to have a gIaciological pa rty in every year's expedition. 

T he use of traditi ona l surveying instruments like theo

dolites is a lso problematic in Anta rctica. Surveys a re re
stricted by weather conditions, particul a rly by the wind. 
Moreover, traditiona l survey oper ations req uire good visi
bility between stati ons. 

Global positioning system (G PS) surveying can over
come many of the obstacles to traditional methods. We used 
continuous kinematic GPS at several Antarctic locations to 
evalua te the technique for the study of surface vari ations on 
smaller glaciers. 

KINEMATIC GPS IN ANTARCTICA 

K inematic GPS is a satellite-based survey method that 
allows the traj ectory of a moving receiver to be computed. 
T he relat ive position accuracy of a moving GPS receiver is 
related mainl y to the q ua li t y of the signa l reception, to the 
d ista nce from a fi xed reference station and to the satellit e 
constella ti on available duri ng the survey. Under normal 
conditions, at mid-lati tudes, accuracy over di stances of 10-
15 km is on the order of a few centimetres (Landau, 1989). 

Precision kinematic surveys require a minimum of two 
geodetic (p hase-tracking) GPS receivers. T he relative pos i
tions (at a few centimetres level of accuracy) with res pec t to 

the reference frame of fi xed stati ons can be available in near 

326 

real-time mode (Bitelli and others, 1994), if the receivers a re 
equipped with real-time kinematic (RTK) firmware and 
hardware, or can be computed aft er the survey is complete. 
During an RTK survey the referencc station acquires GPS 

signals and transmits code and phase observations to a rov

ing receiver through a radio link. The rover receive r uses the 
firmware insta ll ed in the instrument to perform precise po
sitioning (using GPS carri er phase measurcments) in near 
real time, but the final solution is usua lly computed using 
one frequency only. Post-processing permits more inter

action with data and allows the full use of both GPS carri er 
frequencies (Lt and L 2). Different linear combinations of 
the Ll a nd L 2 signa ls permit, for example, mitigation of 
ionospheric noise or improvement in the ambiguiti es-reso
lution techniques. However, the solution is computed after 

the survey, so it is not possible to navigate along the p la nned 

routes with high accuracy. 
I n equatoria l and au roral a reas irregu la riti es in the 

struct ure of the ionosphere cause a scin till ati on effect on 
the G PS signal acqu isition. Such in terference is particularly 
critical tor high-accuracy GPS surwys because it creates 
cycle slips which make integer estimation of the phase ambi

guities d ifficult. Using dual-frequency recei,'ers could be 
useful in these conditions even [or short baselines. Advanced 
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post-processing software complete with "On-The-Fly" 
(OTF) algorithms (Euler and Landau, 1992) can help re
solye critical kinematic surveys. OTF techniques allow inte
ger values of the initial phase biases to be fixed without a 

known initial position or static initialization. These techni
ques are particularly useful when GPS signa ls are inter
rupted (by large or rapid ionospheric disturbances, 
obstacles, etc.) during the survey. 

EXPERIMENTAL TESTS 

The tests were conducted on two glac iers in the Terra Nova 
Bay area, Victoria Land, Alllarctica. One is Strandline 
Glacier, so called by Chinn and others (1989); the other is 
an unnamed glacier located at Tarn Flat, east of Mount 
Gerlache (Fig. I). Both glaciers are co ld; their accumulation 
and ablation areas are controlled by wind and are irregu
larly distributed. The two glaciers have been investigated 
by Italian researchers since 1987 (see references in Baroni 
and others (1995)). 

Fig. 2. Prrifiles sllrv~yed ~y GPS on Slrandlinf Glacin: Elel'a
lions abolle sea level (mean geoidal undulation 10 T VGS84 Jor 
the area 57.2 m, (ontour inten'al20 In). 

The GPS slIrveys started during the 1993 94 expedition 
and were repeated in full during the 1995 96 campaign. 
During the 1994 95 campaign a partial survey was carried 
out on Strandline Glacier. 

Two sets of GPS antenna and receiver (1hmble 4000 
SSEs) were lI~ed. FOI- each survey, one o[ the instruments 
was set up on a benchmark fixed on a nearby bedrock. The 
reference points were linked to the Italian geodetic network 
in order to maintain a common reference system (\VGS84) 
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Fig. 3. GPS sledge. 

in successive campaigns. This fixed receiver was used as re
ference stat ion, while the second ( rover receiver) was car
ried along a survey path. 

Validation (epoch by epoch) ofa continuous kinematic 
GPS survey is possible using at least four receivers (two 
installed on a mobile object and two located a t reference 

points ). Two independent positions are computed (epoch 
by epoch ), and the geometric relation between rover anten
nas can be used as a test. 

In our experiment, however, on ly two GPS receivers 
were avai lable. To provide a n independent check on the 
survey, static or fast-static observations (20 -+5 min of dual

frequency data) were collec ted at the beginning and end of 
each surveyed profile or severa l profiles. This a lso provided 
the possibility for traditional kinematic sunTY initialization 
in those cases where the OTF initialization failed. 

The antenna was fitted with a ground-plane to block 
signal ref1ections (multipath ). The rover antenna was car
ried on a special sledge, which maintained the horizontal 
position of the antenna on steep slopes by a simple cardanic 
support. A counterbalance was fixed uncleI' the alllenna to 
recluce swinging. The sledge was pulled along profiles while 
maintaining a phase lock with GPS <;atellites. Figure :2 
shows the locations of the ~ur\'eyed profiles on Strandline 
Glacier. A photograph of the sledge is shown in Figure 3. 

DATA PROCESSING AND COMPARISON 

GPS data were usually pre-analyzed to \'erif)' their qualit y 
and to identify problematic acquisition (i.e. periods affected 
by multi path or cycle slips ). Pre-analysis was done using the 
Quality Control software of UNA VC 0 \ University Navstar 
Consortium ). The "GPS-Edit" deyeloped by TerraSat 
Nlunich ), was used for graphical interaction on proble

matic acquisitions be[orr and during the processing phase 
(i.e. elimination of the small part of single satellite acquisi
tion affected by multipath. high noise, etc.). The 1993- 94 
Strandl ine Glacier survey required extensive manual inter
action to eliminate data affected by high noise. 

'Vc then verified that differences between kinematic 
positions and the static check points computed separately 
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Fig. 4. Height values at prqfile intersections during the 1993-
94 Strandline survey (WGS84 heights). 

were less than 0.1 m. Next, static and kinematic meas
urements were merged and the rover-receiver trajectory 
was computed using the Geotracer GPS software developed 
by TerraSat (Munich ). Considering the short distances 
between rover and fixed receiver « 5 km ) a fixed solution 
on both the Ll and L2 frequencies was easily reached using 
the OTFalgorithm. 

OTFalgorithms, designed mainly for airborne GPS, are 
also useful for land kinematic GPS applications because 
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Fig. 5. Height values at prqfile intersections during the 1993-
94 Tarn Flat survey (WGS84 heights). GPS prqfiles are re
ported on a photogrammetrically derived contour map (1956 
flight, contour interval 20 m). 

they can tolerate the frequent cycle slips induced by the 
ionosphere (Vittuari, 1994). Ionospheric interference in 
auroral areas degrades the signal-to-noise ratio and causes 
erroneous phase-cycle count, and cycle slips that may occur 
without apparent loss oflock (Viterbi, 1966; Ciraolo, 1994). 

The OTF algorithm included in the Geotracer program 
consists of the following steps. 

A preliminary solution using the code modulated on the 
GPS frequencies is scanned to locate an optimal observation 
time-span for ambiguity resolution. The number of satellites 
in view, time-span of continuous observation, and satellite
geometry (position dilution of precision; PDOP) value are 
checked. OTFambiguity resolution is performed on each se
lected interval using the following procedure: 
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(I) A solution using float carrier phase ambiguities for each 
satelli te is estimated. 

(2) Estimated ambiguities are used to find a fixed solution. 

(3) The sets of ambiguities are validated statistically to 
guarantee the desired (centimetre-level) accuracy. 

(4) Validated ambiguities are fixed and propagated through 
the whole tracking time between losses of lock for each 
satellite. 

The post-processing software estimates error due to sa
tellite constellation geometry (geometric dilution of preci
sion; GDOP). The value of GDOP computed epoch-by
epoch for the different surveys did not exceed 6 (usually 
GDOP <7 is acceptable), and only a few epochs, recorded 
immediately after a loss oflock and rejected during the sub
sequent analysis, had GDOP values as high as 10. 

The repeatability of the method can be estimated from 
crossover errors. The examples ofGPS profile crossovers for 
Strand line Glacier and Tarn Flat are shown in Figures 4 and 5, 
respectively. The maximum difference in GPS-determined 
elevation shown in the figures is 0.08 m, and the same level of 
repeatability was obtained for the other surveys. 

GPS-survey paths from different years differ slightly. 
This is because all the surveys were made without the in
strumental capabilities to solve for the precise position in 
real-time mode. Natural reference points available on and 
around glaciers were used instead. Survey path separation 
is usually a few metres. Thus, direct comparison between 
homologous profiles is not possible. The problem is greatest 
where there is a large vertical gradient across the profiles. 

Two different methods of inter-survey comparison are 
tested. 

Method 1 

For the first comparison, a narrow strip of digital terrain 
model (DTM) is constructed (l m grid using a linear 
kriging method for interpolation) along each profile. All 
the points available in the area for the same survey are used. 
Next the planimetric line which best approximates each 
group of homologous traces is determined. The relative alti
metric track of each surface through the planimetric line is 
computed (with a step of 5 m), in order to build coincident 
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Fig. 6. Kinematic GPS routes on Strandline Glacier, plotted on 
a photogrammetricalb derived DTM (UTM- WGS84 
coordinates). 
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Fig. 7. DijJerence between the 1993- 94 and 1995- 96 surveys 
of Strandline Glacier profile I, computed using the first 
method (progressive distance is computed from the origin of 
profile). 
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Fig. 8. Comparison of profile 1 (fnogressive distance is com
fJUted along the lines that fit profiles). (a) DijJerence 
between 1993- 94 surv~v and photogrammetrical(y derived 
DTM. ( b) Difference between 1995- 96 survey and jJhoto
grammetrical(y derived DTM. ( c) Difference between curves 
in ( a) and ( b ). 

profiles. In thi s way comparison may be made on the same 
planimetric trace. 

Method 2 

The second approach compares the profiles and a known 
DTM of the glacier. This is possible on Strandline Glacier, 
for which a 1985 photo strip is available and a numeric con
tour map (scale I: IQ 000) was obtained by analytical plot
ting. External orientation of stereo pair is carri ed out using 
g round-control points surveyed by static GPS observations 
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made during the 1993- 94 campaign. Residuals for the exter

nal orientation are at the I m level (Baroni and others, 1995). 
Starting in the 1993- 94 campaign, the geodetic refer

ence system used for all surveys at Terra Nova Bay Sta tion 
was the Internationa l Terrestri a l Reference Frame (ITRF). 
The ITRF was established for the Terra Nova Bay geodetic 

network through a global adjustment carried out within 
the framework of international GPS campaigns. This refer
ence system is used for both the photogrammetric ground
control points su rvey and the reference stations used during 
kinematic surveys. WGS84 and ITRF can be considered to 
be equivalent [or the purposes of this work. 

A DTM with a 5 m grid was computed from the contour 
map using a linear kriging method for the interpolation. 
Comparisons between several homologo us profi les using 
the two methods described above are reported here. Plani
metric tracks of the considered profiles plotted on the 
Strandline Glacier DTM are shown in Figure 6. 

Differences between 1993- 94 and 1995- 96 elevations 
along profiles I, 2 and 3 (Fig. 6) are used to evaluate the 
two comparison methods. Results for method I are shown 
in Figure 7. For the second comparison method, each year's 
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Fig. 9. Comparison of profile 2 relative to the detenninations 
of 1993- 94 and 1995- 96: (a) differences using first 
approach, (b) differences using the comparison with the 
knownDTM. 
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Fig. 10. Com/Jarison of profile 3 relative to the determinations 
of 1993- 94 and 1995- 96: (a) differences using first 
ajJProach, ( b) differences using the comjJarison with the 
knownDTM. 
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Fig 11. Planimetric displacement between 1993- 94 and 
1995- 96 surveys Jor prqfile 1. 

GPS survey is compared with the 1985 DTM. Differences 
between the 1993- 94 survey of profile 1 a nd the DTM a nd 
between the 1995- 96 survey of profile 1 a nd the DTM are 
shown in Figure 8a and b, respectively. The difference 

between the curves in Figure 8b and a is shown in Figure 

8c (progressive distance is computed from the starting
point of the profile). 

Results of the two methods for profil es 2 and 3 a re 
shown in Figures 9 and 10, res pectively. 

Both methods correct for horizontal displacement of 

GPS-survey tracks in different years: the first by inter

polation of a common profile, the second by consideration 
of the displacement from a known surface between profil es. 
The first approach gives reli able results when the surveyed 
points are evenly distributed. The second approach supplies 
the variation of the surface with respect to the known DTM. 

Method 2 may only detect changes when the variation of the 
surface between successive surveys can be considered homo
geneous across the profile for the na rrow strip of profil e 
displacement. 

Different factors determine the accuracy of the two meth
ods. Method I is sensitive to the spatial distribution of sur

veyed points. This is demonstrated by the difference 
between the curves in Figures 7 and 8c over the interval 
350- 425 m. Kriging can be used to p erform either exact or 
smoothed interpolation. I f the surveyed points are homo
geneously distributed and exact interpolation is used, the ac
curacy of DTM should be at the same level as the original 

Table 1. Statistics qf differences between the curves obtained 
using method 1 and method 2 Jor comparison cif pnifiles 

Profile 1 Profile 2 Prqfile 3 

Points 174 116 96 
Average 0.43 m 0.12m O.IOm 
S.D. 0.59 m 0. 16 m 0.17 m 
Mininluln ~ J.72m -{).19 m ~0.22 m 

Maximum 0.39 m 0.48 m 0.48 m 
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points. The interpolation is poorly constrained at th e edge of 
the DTM. The sensi tivity of the first comparison method to 
edge effects is evident where the planimetric displacement is 
large (Fig. 11 ). The second comparison method's optimal 

accuracy is equal to that of the known DTM but is degraded 

by spat ia l displacement between different years' surveys. To 
quantify the errors involved for the whole process of inter po
lation a direct compar ison is made between the sets of two 
curves (methods 1 a nd 2). The results are shown in Table L 
When the displacement between profiles is within a few 

metres and across-track slopes are sm a ll (5- 15°) the results 

of the two methods have standard deviations less than 20 cm 
(profiles 2 and 3). Both methods partially compensate for the 
spatial displacement of profiles. (For a 5 m displacement and 
an across-track slope of 15 ~ the uncorrected elevation differ

ence wou ld be 1.3 m.) Where the displacement was large (on 

the order of 20 m at the end of profile I) the comparison 
became useless. It is not possible to attribute the error to the 
first comparison method because, wit h 20 m displacement 
between profiles, the acc uracy of the second method is the 
same as the accuracy of the original known DTM ( ± I m ). 

CONCLUSION 

Sledged-GPS surveying provided reliable results in the ex
periments presented here (in terms of repeatability ). The 
main limitation is spatial di splacement between profiles in 

successive years. Errors due to displacement were reduced 

by careful interpolation, but the accuracy degraded to the 
20 cm level. The problem can be partially avoided using a 
homogeneous distribution of profiles on the investigated 
surface or using an accurate known DTM as a reference. 

R eal-time kinematic positioning would allow profiles to 

be repeated exactly, avoiding di splacement errors en tirely. 

Moreover, this m ethod would open new strategies of GPS 
monitoring of glaciers, [or example, the repetition of mea
surements on a regular g rid of control points. 
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