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Introduction

The “Sixth Workshop on Mass Balance and related Topics of the Greenland Ice Sheet’ took
place at the Geological Survey of Denmark and Greenland (former Geological Survey of
Greenland), Copenhagen, Denmark on January 22nd and 23rd 1996). The workshop was
attended by 25 participants and 17 papers were presented.

Although the workshops were initially intended as a forum for discussion of plans,
experiences and results from ‘mass and energy balance studies related to the Greenland ice
sheet’, this year’s workshop included results from both Scandinavia and North America. This
was very appropriate in view of the proposal from N. Reeh (included in the final circular) to
extend the geographical area covered by the Greenland mass balance workshops to the entire
arctic region.

At the end of the workshop J. O. Hagen further amplified and seconded that the geographical
area of interest of future workshops should include all of the arctic region. The meeting
unanimously agreed on this, and that future workshops should be named ‘Arctic Glaciers and
Ice Sheets’.

It was also proposed that the workshop should be organised with presentation of papers in the
moming and smaller specialised discussion groups in the aftemoon, even if this meant
extending the workshop over more days. There was a general consensus that this might be a
suitable basis for future workshops.

As to the next workshop no final agreement was reached on the location but Norway (J. O.
Hagen), Sweden (P. Holmlund) or England (R. Braithwaite) are the most likely candidates.

O. B. Olesen
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APPLICATION OF INTERFEROMETRY TO STUDIES OF GLACIER
DYNAMICS

Johan Jacob Mohr

Danish Center for Remote Sensing, Dept. of Electromagnetic Systems
Technical University of Denmark, B-348, DK-2800 Lyngby, Denmark
Phone: +45 4525 3800, Fax: +45 4593 1634, Email: jm@emi.dtu.dk

ABSTRACT

Interferometric synthetic aperture radar (SAR) has the potential for measurements of changes
from one image to another with sub-millimeter accuracy, thus being a promising tool for studies
of glacier dynamics. The Danish Center for Remote Sensing3has in Corporation with Danish
Polar Center (DPC) established a test cite on the Storstrammen glacier in North East Greenland.
DCRS has with EMISAR™ on one day in august 1994 acquired C-band repeat track
interferometry (RTI) data over the glacier and again on two consecutive days in august 1995
acquired L-band RTI and C-band across track interferometry data. DPC has in 1994 deployed
comer reflectors on the glacier and performed in-situ measurements ofthe glacial flow. Tandem
mode interferometry data from the ERS-1/2 satellites has also been investigated.

INTRODUCTION

With synthetic aperture radar (SAR) Interferometry two radar images (acquired either from a
satellite or an airplane) are combined to an interferogram. This allows the detection of
geometrical distortions between the two images with sub-millimeter accuracy. Ifthe images are
acquired from flight tracks separated spatially, i.e. having a spatial baseline, the viewing
geometry for the two images will be slightly different and a potential for estimation oftopography
arises, [1]. If, on the contrary, the images are acquired from exactly the same track but at
different times, i.e. having a temporal baseline, small differences caused by a physical change in
the scene can be detected i.e. a potential for velocity and displacement measurements exists, [2],
Note that only changes in the radar to pixel line of sight direction can be measured.

In general a spatial baseline as well as a temporal baseline will be present and topography as
well as (line of sight) glacial movement will therefore contribute to the interferogram phase. In
one interferogram generated from to images denoted 1 and 2, the pixel phase <2 are (to first
order)

7 The Danish Center for Remote Sensing (DCRS) is established and funded by the Danish National
Research Foundation.

" Development of the EMISAR was sponsored by the Thomas B. Thriges Foundation, the Danish Technical
Research Counsil (STVF), the Royal Danish Air Force (RDAF), the Technical University of Denmark and the
Joint Research Centre (JRC).
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where X denotes the radar wavelength, 12 the parallel and B112 the perpendicular baseline
(assuming flat earth), Adthe angular deviation from the reference surface, T 112 the line of
sight (LOS) motion of the scene in the pixel and e12 the phase noise, [3],. see Fig. 1. The parallel
baseline component only depend on the acquisition geoemtry and are initially removed - a
processes also called interferogram flattening. Now for the application of interferometry to
studies of glacial flow the topography component, B+ 12AQ, need to be separated from the flow
component, T1X12. One obvious solution is to utilize another interferogram generated either
with one image in common with the first interferogram giving the pixel phase, g3, or from two
completely different images (3 and 4) covering the same area, [3]. The interferogram phase<pZ23
are similar to (1)

2)

Now if the glacial velocity is constant it can be extracted from (1)-(2) if the baseline parameters
can be estimated with sufficient accuracy. The critical part is the spatial baselines, since an error
is directly reflected in the measurement of displacement from which the velocities are calculated.
The temporal baselines are usually known with great accuracy.

Other options exists to separate the velocity and topography components. The most simple
(but very rare) is that B+ by change is zero. Another approach is to supply the angular deviation,
A8, caused by topography from another source. Though apparently simple, the method has the
practical problem that elevation data (e.g. from a DEM) must be co-registered with radar data.
The other drawback is of course that elevation data of Arctic regions are note widely available.

EXPERIMENTS ON STORSTRMMEN

Two projects at the Danish Center for remote Sensing are dedicated to an investigation of 'the
utility of repeat track interferometry for studies of glacier dynamics'. One concems the airbome
EMISAR data acquired by DCRS another satellite data from the ERS-1/2 satellites launched by
the European Space Agency (ESA). For both studies Storstrammen is selected as the test area.

The airbome EMISAR experiments is conducted in a 10 km (N-S) times 30 km (E-W) area in the
lower part of Storstrammen. In 1994 the Danish Polar Center deployed four corner reflectors on

Figure 1
The viewinng geometry.



solid rock in the test area and measured their position by GPS; two on the semi-nunatak, two on
the mountains in the western part ofthe area. In 1995 the four reflectors was checked and their
position remeasured.

The reflectors serve as reference points for the repeat track interferometry (RTI) data
acquired with EMISAR. In august 1994 the area was covered with C-band RTI data on a one day
mission. In august 1995 L-band data was acquired on two consecutive days, thus giving a one
day temporal baseline - an order of magnitude greater than in the 1994 data. The data has been
focused and interferograms has been formed. The interferograms shows very low phase noise
and are easily unwrapped. The uncertainties on the baseline estimates, though reduced from
several meters to the centimeter level, are still not sufficiently accurate to be used for an
extraction of the glacial velocity know to be in the order of some m/y. The major unknown, now
being investigated, is probably a very low frequent drift in the Inertial Navigation Unit (INU)
measuring the aircraft movements around the reference track.

The other project concerns data from ERS-1 (launched June, 1991) and it successor ERS-2
(launched April , 1995). The satellites are until May 16., 1996 operated in a tandem mode such
that, seen from the earth, ERS-2 repeats the ERS-1 trajectory with a one day delay. The
satellites are in a 35 day repeat cycle (corresponding to 501 revolutions), thus allowing the
generation ofone interferogram with a one day temporal baseline each 35 day.

The raw data from ESA has been cleaned, data are focused, baselines estimated and
interferograms formed. The interferograms still has a minor baseline residual, but since the
trajectories are known to be perfectly straight lines this is much more easy to remove than in the
airborne case. The major problem with the satellite data is phase unwrapping. The
interferograms are quite noisy and some work needs to be done before an automatic phase
unwrapping can be performed. The interferogram from images acquired 35 days later has also
been generated, but due to the phase unwrapping problems a resulting velocity product has not
yet been generated.

The results, though, are quite promising. On Fig. 2 a raw interferogram covering a 100 km
times 200 km area around Storstremmen is shown. On the left the interferogram phase is shown
on the right the amplitude. The phase is color coded and is repeated for each 2n, in this case
corresponding to either a change in the terrain height of 800 m or a line of sight motion of
2.8 cm/day. Careful counting of the fringes on the mountains shows that a minor tilt of 1-2
fringes is still present. It is also noted (what is confirmed by a fringe counting on the mountains)
that the topography in this area can account for at most 2 fringes. With this in mind the fringe
pattern on the upper part of the glacier (with an eastward flow) must be due to an horizontal
surface velocity of approximately 300 m/y in the central part decreasing to approximately zero at
the sides. The almost vanishing fringe pattem on the lower part (with a southward flow) can not
easily be interpreted because only the line of sight component of the motion can be determined,
thus giving virtually no sensitivity on the velocity measurement with this flow direction.

AIRBORNE VS. SATELLITE INTERFEROMETRY

From an end user point of view the most obvious advantages and disadvantages of airborne vs.
satellite interferometry are:

Coverage and resolution. Satellite images has large coverage and coarse resolution. Data
amounts as well as acquisition time limits the coverage of an airborne sensor. One airborne
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Figure 2.
Raw interferogram from ERS-1/2 tandem data.
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image ofthe 10 km times 30 km test fields has approximately the same size (1 Gbyte) as the
full 100 km times 200 km ERS image. Also note that at least 10 tracks of approximately
200 km is needed to cover the full ERS scene with airborne data - at least an order of
magnitude more than feasible within one flight.

» Spatial availability. With satellite the imaged areas are predetermined since the satellite
tracks are predetermined, as opposed to airborne interferometry. On the other hand, if a
satellite cover the interesting area, one gets repeated coverage's of this with almost no extra
effort.

 Temporal availability. The satellite data has a fixed temporal baseline. The spatial
baseline for an airborne system can in principle be chosen freely, but of course cost issues are
of major importance. Also note that the ERS-1/2 tandem mission terminates on
May 16, 1996.

* Velocity modeling. Again since the satellite tracks are predetermined only one velocity
component can be measured. In special cases descending as well ascending orbit data are
available, but at least in the ERS case the angle between the tracks will be small (20°-30°).
With airborne interferometry the possibility of coverage's from different angles exists, in
principle enabling the measurement ofthe 2-D (or even the 3-D) velocity pattern.

From an engineering point of point of view other issues are also important. Airborne
interferogram are usually easy to unwrap as opposed to satellite. On the other hand baseline
estimation is much more difficult in airborne system.

CONCLUSION

A processor for focusing of airborne as well as satellite data has been developed. Raw data from
the ERS-1/2 satellites has been cleaned and processed and the (relative) spatial baselines are
estimated to within 10 cm. Precision orbit data are now available from ESA with a similar
accuracy, and might in the future be integrated. The interferograms has, due to phase noise, not
yet been unwrapped. The interferograms, though, looks quite promising for velocity estimation.
Airborne data on the other hand unwraps well. The uncertainty on the spatial baselines has
been reduced from several meters to the centimeter level, but since the residual errors are not
linear but rather caused by a small drift in the INU, this is not sufficiently accurate. Work on the
estimation of such a non-linear baseline uncertainty is in progress.
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ABOUT THE ACCURACY OF THE LEVELLING METHODS ALONG THE
EGIG LINE

Manfred Stober

Fachhochschule Stuttgart -Hochschule fur Technik-
Stuttgart, FRG

1. Height measurements in the EGIG line.

The EGIG line is Crossing the Greenland ice sheet from West to East in a latitude of about
70-72° North. For determining the heights several campaigns had been performed and different
measuring methods had been applied. Terrestrial levelling methods were used in:

1959: Geometric levelling from A14 (West) to T53 (MALZER 1964),
1968: Geometric levelling A14 - Cecilia Nunatak (SECKEL 1977),
1990/92: Trigonometric levelling T1 (West) - Cecilia Nunatak (MOLLER 1994).

Completely different methods using satellite altimetry had been applied in the eighties (ZWALLY
1989) and recently (ANDERSEN 1994).

The resulting temporal height changes inthe western part of the EGIG-line are contradicting. So
we obtain from terrestrial levellings:

1959 1968 : + 11 m + 0,12m/year,
1968-» 90/92 : - 3,6 m = - 0,15m/year,

From satellite altimetry ZWALLY 1989 has derived a growth of +0,2...0,3 m/year and
ANDERSEN 1994 has found an amplitude of annual variations (summer/winter) of 0,39 m.

To evaluate the results of levelling methods we have to discuss the possible systematic and
random errors. These are mainly:

- random measuring errors in aiming and reading,

- sinking of rods and instruments during measurement,

- scale errors of levelling rods,

- refraction,

- reconstruction of old positions in repeated levelling.

Most of these errors had been discussed before in detail (MALZER 1964, SECKEL 1977). In
this paper we shall have a doser look especially to the refraction.

2. Modelling of refraction influences in the levelling methods.

2.1 Refraction studv at the ETH/CU-Camp

Refraction is caused by penetrating of light through air layers with different density. The
refraction coefficient k is defined as ratio between earth radius (R) and radius of light beam (r)

k = RIr. (D

Assuming a symmetrical refraction between both stations (A,B) in a range (S) the efficcient
refraction coefficient (k) can be derived from simultaneous reziprocal zenith angles (Za, Zg) by
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k = 1*R/S* (200 -ZA-2ZB) * f/200 , 2)
and from one station in combination with known true height difference (Ahtrue) as
kA = 1 + (S* COS ZA - Ahtrue >*2R/S2 . 3)

It is also possible to calculate a local refraction coefficient (fC) by meteorological data, especially
by the vertical temperature gradient (dT/dh)

(C= 501,52. sinZ . p/T2 (0,034 + dT/dh) (4)
with Z = zenith angle, p = air pressure (hPa), T = absolute temperature (K) .
For investigation of refraction over the Greenland ice surface two campaigns had taken place
(1991, 1994) with different weather conditions. The measuring methods and results had been

reported in STOBER 1994. Summarizing some important results we find:

» Refraction coefficients -0.1 < k < 1.7, decreasing with the weather conditions
sunny with wind, sunny without wind, overcast with wind, overcast without wind.

 Inspite of simultaneous reciprocal zenith angles remaining height errors (range 1 km) <12 mm.
Possible causes are:
- different temperature gradients in both stations,
- different temperature gradients due to topography.

» Refraction may be calculated from vertical temperature profiles (k * K).

Temperaturprofile Temperaturprofile
30.07.1991 06.08.1991

Temperaturprofile Temperaturprofile
04.08.1991 11.08.1991

Figure 1: Vertical temperature profiles of 4 typical model atmospheres
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For modelling of refraction errors inthe EGIG line we have no real measured temperature
gradients, but we can substitute those from the experiences got at the ETH/CU-camp. So we
choose four typical days representing the four typical types of atmospheric conditions (fig. 1).

Model 1: sunny, with wind, k = 1,53
30.07.91, 17:00 local time

Model 2: overcast, without wind, k =0,12
04.08.91, 17:00 local time

Model 3: sunny, without wind, k = 1,33
06.08.91, 15:40 local time

Model 4: overcast, with wind, k = 0,54

11.08.91, 10:30 local time

2.2 Modelling local refraction influences in the EGIG-line

The altitudes in the EGIG line in general are slowly increasing from the western margin to the
central part with local topographical undulations (amplitudes of some 10 meters, periodes of
about 10 km). These undulations can be considered as stationary ones (SECKEL/STOBER
1968). As test area for refraction influences we take the section (430 km) between T1 (altitude
1700 m) and T43 (3300 m), which was digitized from the levelling 1968 every 100 meters.
For calculation the local refraction we need the actual ground distance of beam and we apply

the model of vertical polygon, using formula (4) for every part of a levelied sight line (SCHMID
1994).

Figure 2: Modelling local refraction effects in levelling by vertical polygon of light beam
depending on variable ground distance.
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2.3 Refraction influences in the trigonometric levelling

The measuring procedure of the trigonometric levelling (figure 3) was developped by the TU
Braunschweig (KOCK 1987, MOLLER/RITTER 1988). It is working with two simultaneously
observing groups (1 theodolite and two targets at each station). According to the polygon
model (figure 2) the refraction influences are calculated as y-components in the local coordinate
system with origin in the theodolite (figure 4).

Figure 3: Measuring procedure for the trigonometric Figure 4: Principle of refraction
levelling (MOLLER/RITTER 1988). influences in the trigonometric levelling

Due to variable ground distance the curvature of beam cannot be constant because usually the
vertical temperature gradient is not a linear one. A measure for the asymmetry of a beam is the
difference of y-components at both ends of the same beam. For this purpose we have to consider
forward and backward sights with the formulas for one-side observations

between two stations (A,B) . When meaning i= instrument height and t= target height, we obtain:

Forward sight: From instrument A (i* = 1,62 m) to target B

0,83m) AhABI = S* cos ZAi + S2/2R - ytBi ,
1*83m) AhAB2 = S* cos ZA2 + S2/2R - ytR2 »

lower target (tei
upper target Ub2

Backward sight: From instrument B (is = 1,62 m) to target A

0,83m) AhBAI = S* cos Zbi + S2/2R - ytAi ,
1,83m) AhBA? = S* cos ZB? + S2/2R - ytA2 .

lower target (tAi
upper target (tA2

In the general formula for reciprocal observations we have to calculate the "average" from
forward and backward sights algebraically as "difference" of the height differences (because of
contrary signs)

S* cos ZA + S2/2R - yb ,
S* cos Zb + S2/2R - yA,

Ah = (AhAB- AhBA)/2  with AhAB
AhsA
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and following
Ah = S* (cos Za-cosZb)/2 + (ya - Yb)/2 .

As usually only symmetrical refraction is assumed we get the height difference
Ah = S* (cos Za-cosZb)/2

but in case of unsymmetrical refraction a systematic refraction error (sign: 'correction™) is
remaining

VAh = + (Ya * Yb)/2 e

Spezialized to the observation procedure of the motorized trigonometric levelling in Greeniand
we are modelling the refraction corrections (v) due to topography for several model situations:
Influence of asymmetry in forward beams:
a) from point A to target 1 (lower): va = (yjAi - YtBi)/2 === = = pdiagram GZ1-P.ver
b) from point A to target 2 (upper): vb = (yiA2- YtB2)/2 = = = = pdiagram GZ2-P.ver
c) average from A to targets 1 and 2

vc = (va + vb)/2 = 0.5*{(yjAi - YtBi)/2 + (YiA2 * YIB2>/2} = = = = pdiagram P12.ver

Influence of asymmetry in backward beams:

d) from point B to target 1(lower): vd = (yjBi - YtAi)/2 = = = =p diagram GZ1-N.ver

e) from point Bto target 2 (upper): ve = (yjB2 - YtA2>/2 = = » diagram GZ2-N.ver
f) average from Bto targets 1 and 2

Vf = (vd + ve)/2 = 0.5*{(yiBi - ytAi)/2 + (yib2 - YtA2)/2} = = = = pdiagram NI 2.ver

Influence of average from forward and backward

g) to target 1 (lower): va= (ytAi - YtBi)/2 = = = = » diagram GZ1-PN.ver
h) to target 2 (upper): Vh= (ytA2 * YtB2)/2 = = = = » diagram GZ2-PN.ver
i) to average from both targets 1 and 2

vi = (va + vh)/2 = 0.5*{(ytAi - YtBi)/2 + (YtA2 * YiB2)/2} = = = = pdiagram PN1_PN2.ver

The accumulated refraction corrections are shown in the diagrams figure 5.

The cases a) until f) are only for theoretical interest, because they are not really measured. We
only see the asymmetry of beams due to varying ground distance if theodolite and target are
not mounted in the same height. In the most unfavourabel case (between instrument and lower
target) the error would grow up to 3 meters and for the higher target still we find 30 cm as
accumulated asymmetry.

From most practical interest are the cases g) until i), because they are corresponding to the real
measuring procedure with reciprocal observations. The remaining systematic refraction errors
due to terrain undulations in the trigonometric levelling are very small, in maximum on sunny
days between -10 mm and + 27 mm. So height differences from T1 to T43 (430 km) may
only be influenced up to about 4 cm.



22

Figure 5: Modelled and accumulated refraction influences in the
trigonometric levelling along the EGIG line from T1 to T43
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2.4 Refraction influences in the geometric levelling

In the motorized EGIG levellings of 1959 and 1968 a special measuring procedure was applied
(MALZER 1974). Two instruments measured simultaneously the height difference between the
same two rods in a range of about 100 m (figure 6).

The effect of refraction is similar to the trigonometric levelling. We have reciprocal
observations, too, but the horizontal forward and backward sights are systematically in
different ground distances. The principle of resulting refraction errors are shown in figure 7.

AnscMuOm*s*ung normal* Htssung

Figure 6: Measuring procedure in the motorized geometric levelling
(from: MALZER 1974).

The refraction influences can be expressed by the following formulas and the results for the 4
model atmospheres are shown in the plots of figure 8.

Refraction asymmetry in every beam:

j) Forward sight: From point A to target (rod) B:
Vi = (YjA - YtB)/2 = » diagram 100-P.ver

k) Backward sight: From point B to target (rod) A:
VK = (YiB - YtA>/2 =» diagram 100-N.ver

Refraction average forward and backward:

D M = (ytA-YtB>2 = = » diagram 100-PN.ver Figure 7: Principle of refraction influences
in the geometric levelling.

The remaining refraction correction of the geometric levelling can be much larger than in the
trigonometric levelling, because the forward and backward beams are influenced in a
systematically different way corresponding to the general slope from T1 to T43. The largest
effect might occur when weather is sunny with wind. In this case we have to consider
accumulated refraction influences upto -180 mm. In case of overcast sky the refraction
influence will reach only some millimeters.
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Figure 8: Modelled and accumulated refraction influences in the
geometric levelling along the EGIG line from T to T43
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3. Conclusions

Depending on weather conditions, the refraction coefficient on the Greenland ice surface is
varying between -0.1 < k < 1.7 (dayly averages). Representing 4 typical weather conditions,
4 days were chosen with their temperature-height-profiles to calculate the refraction asymmetry
in observations of trigonometric and geometric levellings due to local topographic situation. In
the test area of the EGIG line (T1 to T43 = 430 km), the resulting possible uneliminated
refraction influences inthe worst case (sunny, wind) run up to about 40 mm (trig. lev.) and
180 mm (geom. lev.). With these datas we are able to discuss possible errors in the terrestrial
height measuring technics used in the EGIG line and the significance of calculated temporal
height changes. Therefore we have to summarize the error budget factors for the section

Tl -T43 = 430 km:

Accuracy of geometric levelling (N), 1 campaign :

random measuring errors (max): 62 mm
- sinking of rods, eliminated by procedure:
- scale errors of rods, eliminated by calibration:

- refraction influences (due to topography). 180 mm
- reconstruction of position: 100 mm
Total standard deviation T1 -T43: Sgn = + -/(622 + 1802 + 1002) +215 mm

Accuracy of trigonometric levelling (T):
Random measuring errors (1 km: sot = * 8,7 mm): 180 mm
Sinking of instruments: eliminated from procedure:

Refraction influences:

- random different refraction in both points

Ak ** +0,1 soT(Ak) = £ 4 mm —» Tl - T43 —»sgT(AK): 83 mm
- due to topography T1-T43: 40 mm
Influence of positioning: 100 mm

Total standard deviation T1-T43: sqt = + -/(1802 + 832 + 402 + 1002)= +* 226 mm

Significance of height changes between 2 campaigns, (test level 95%; t=1,96):
Between geometric levellings (1959-» 1968)

aHn.n = 1,96 * -/(2152 + 2152) mm = 596 mm - 0,6 m
As the height changes 1959 —» 1968 amountto 1,1 m > 0,6 m, they are significant!
Between geometric (G) and trigonometric (T) levellings (1968 —»1990/92):

aHnt = 1,96 * V(2152 + 2262) mm = 608 mm * 0,6 m
As the height changes 1968 —» 1990/92 amountto 3,6 m > 0,6 m, they are significant!

So we can conclude that the terrestrial levelling methods are precise enough for deriving
temporal height changes of the Greenland ice sheet.
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THE GEOID OF GREENLAND - A REFERENCE SURFACE
FOR REMOTE SENSING

Rene Forsberg
Geodetic Division, Kort og Matrikelstyrelsen
Rentemestervej 8, DK-2400 Copenhagen NV, Denmark
E-mail: rf@kms.min.dk

Abstract

This paper outlines the current status of the geoid in Greenland. The current best models are
based on a mix of datafrom surface and airbome gravimetry, terrain models of land and ice,
and long-wavelength satellite gravity field information.

Introduction

The geoid - the equipotential surface corresponding to average sea-level - is a basic reference
surface of geodesy and remote sensing. The geoid height - N - is related to the heights above
sea-level (orthometric heights, H) and heights above the reference ellipsoid (h) by

N=h-H 0

The ellipsoidal height h is the basic observable from satellite techniques (GPS positioning,
satellite altimetry etc.), while H is the basic height obtained in levelling, and the height type
required e.g. for glaciological flow models, or for general digital elevation models.

Determination of the geoid is a fundamental geodetic problem, which can be solved in many
different ways. In the case of Greenland (and the Nordic area), the geoid models are
determined by splitting the model in three parts

2
N =Nx+ N2 + N3 (<)

where the first part of the model is the long wavelength part, based on a high-degree spherical
harmonic expansion of form

fAIrJ* D n 3)
Ni = — (-)" £ (CmtosmX+SMinmX)Pnlsm$)
KT*0 r nr

with coefficients Crmand Srmm complete to degree and order 360 (OSU91A model, cf. Rapp
and Pavlis, 1991). The second term N2 is computed from the gravitational effects of digital
terrain models (land surface heights and ice height/thickness models used in the case of
Greenland) using rectangular prisms in a geophysical "forward" modelling process, and the
third term N3 modelled by conversion of residual gravity anomalies into geoid effects using
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Fourier transfonn techniques, transforming residual gravity anomalies Ag3into geoid by

NE=- wr— e A G @

where & is the two-dimensional Fourier transform, and k the wavenumber. The Fourier
transform can be made virtually exact on a sphere by the multi-band FFT method. For details
of the method, and an early version of the Greenland geoid, see Forsberg and Sideris (1993).

The current Greenland geoid model - GEOID94A

The computation of Greenland geoid models is ongoing, following advances in gravity data
and tenain data acquisitions. An ongoing program of gravity measurements, and refinements
of the Greenland digital elevation models, is currently being carried out at KMS.

Compared to the situation a few years back, the knowledge of gravity field variations are now
much improved in Greenland thanks to a recent US-Danish cooperation project - the
Greenland Gravity Project - carried out since 1991 (Forsberg, 1994). The goal of this project
is to complete the gravity measurement coverage over Greenland, by high-resolution helicopter
gravity surveys in the marginal ice-free areas around the coast, and by a now completed
airbome gravity survey (Greenland Aerogeophysics Project - GAP) of the entire Greenland
area, determining the longer wavelengths of the gravity field variations. The airbome project,
carried out by the US Naval Research Laboratory in cooperation with several other US
agencies (NAVO, NOAA, DMA) and KMS, is the first successful contiental-scale airbome
gravity survey ever carried out (Brozena, 1991).

The Greenland Aerogeophysics Project was flown with a P-3 aircraft in two two-month field
seasons 1991-92, resulting in more than 200000 line-km of airbome gravity data, in addition
to aeromagnetic data and high-resolution radar elevation data over the ice sheet and land areas.
The flight lines cover Greenland and adjoining ocean areas with E-W tracks of spacing 10-30
nm, with a number of N-S and parallel coast tie lines providing data checks and constraints
for cross-over adjustments minimizing data errors.

The estimated accuracy of the GAP gravity data is 5 mgal at 20 km resolution (Brozena,
pers.comm.; Forsberg and Kenyon, 1994). The impact of these data on the Greenland geoid
models has been changes up to 7 m, compared to earlier models based on only a few scattered
tracks of gravity data in the interior of Greenland (Forsberg, 1993).

The airbome gravity data has been merged with the surface gravity data in a process based
on the optimal estimation method of least-squares collocation, taking into account the
analytical downward continuation of airborne data from the flight elevation (4.1 km) to the
terrain surface. This processing requires is very computer intensive, and requires the solution
of a large number of linear equations in a number of blocks, for details see Forsberg and
Kenyon (1994). The outcome of the process is a set of estimated gravity values and standard
deviations gridded on a 5’ grid.
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Fig. 1. Gravity data coverage underlying the GEOID94 model. Left: GAP 91-92 airborne data,
right: surface gravimetry data (recent newly acquired data in northem Greenland not yet used).

The current available geoid model - GEOID 94A - is based on approximately 24000 surface
gravity points, and 32000 selected airborne data points (Fig. 1). These data has been
downward continued and merged onto a 5’ geographical grid, covering all of Greenland and
adjacent ocean areas. Terrain effects were computed from a 5-km resolution terrain models,
based on a mix of scanned and manually read maps, and satellite and GAP airborne radar
altimetry over the ice sheet (Ekholm, 1995).

The 5° grid was subsequently converted into a geoid effects by spherical FFT (4), using a 512
x 384 zero-padded transform grid, and the terrain and spherical harmonic reference effects
restored to yield the final geoid model (Fig. 2). The geoid of Greenland changes from a low
value of 10 m north of Thule to 62 m on the east coast. Locally the geoid contours are closely
correlated with the local topographic features (Fig. 3).

The final geoid model is available to users as a geographical grid, with supporting
interpolation software for enabling e.g. GPS users to easily recover geoid heights at a specific
point.
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Fig. 2. GEOID94 geoid heights in Greenland. Contour interval 2 m.

The accuracy of the current geoid model is difficult to ascertain, but comparison of GPS
surveys to levelied heights along the Coastal regions indicate an absolute accuracy around 1
m, with local geoid height difference accuracies at the level of a few dm, dependent on the
local roughness of the topography. Combinations of GPS and spirit levelling on the ice sheet
in Western Greenland (along part of the NASA profile at 2000 m elevation) supports the local
accuracy estimates (Roman, pers. comm.).

Conclusions

This short paper has outlined the background and references for the current Greenland geoid
model - GEOID94. Since this model was computed, significant new gravity data has now been
surveyed in the Thule area and the Nares Strait region, both on the Greenland and Ellesmere
Island sides. Terrain models have also been improved with new high-resolution DEM data
from several regions provided by KMS, GGU, and DMA (all of North Greenland is e.g. now
covered with 500 m-resolution models). A new geoid model is therefore to be computed
within the nearest future.
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Fig. 3. Example of details of
geoid model (Disko area), 0.5 m
contour interval.
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SOME TURBULENCE CHARACTERISTICS IN THE STABLE BOUNDARY
LAYER OVER THE GREENLAND ICE SHEET

J. Forrer and M.W. Rotach Swiss Federal Institute of Technology, Zurich

February 29, 1996

1 Introduetion

This contribution contains a short discussion of the boundary layer structure, that espe-
cially refers to the conditions at the ETH-camp (69° 34’ N, 49° 17 W, 1155 m as.l.),
approximately 80 km from the west coast of Greenland on the inland ice. Compared to a
typical mid-latitude nocturnal boundary layer, where most of the investigations concern-
ing the stable boundary layer (SBL) were performed, this site offers some advantages in
studying the SBL.:

* A continuously stable stratification over prolonged periods.
» An almost ideally homogeneous surface.

* Relatively high wind speed. The mean wind speed for the field season 1991 measured
at 2m a.g. was approximately 6m/s.

However, possible problems due to the choice of the site include:

* The possible occurrence of gravity waves and intermittent turbulence during the
very stable conditions.

» The dynamics of the katabatic flow.

2 Measurements

The measurements and the data handling were already presented in a previous report
(Forrer and Rotach, 1994). Therefore, only a short overview over the measurements is
presented. Profiles of mean wind, temperature and specific humidity were measured on
a 30m tower at eight levels (0.5,1,2,5,10,15,22,30m a.g.). In addition, three turbulence
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units, including a Giil 3d-research probe and a Ly-a hygrometer, provided the fluctuating
variables at variable heights. Turbulence runs were selected for analysis, if they could be
considered stationary and the statistical uncertainty was less than 20%. Mean values were
calculated by applying a running mean to filter low frequency variability.

3 Results

Under homogeneous and stationary conditions the turbulent fluxes of momentum, sensible
and latent heat can be calculated within the surface layer from mean profiles using Monin-

Obukhov similarity theory:
gxkz _ J (1M 3.1)

where x* is a scaling variable, gx is the non-dimensional gradient for variable x and L is the
Obukhov length. The g-functions for wind speed (sm) and temperature (@/J, calculated
from the lowest level of turbulence observations (2m a.g.) are presented in Fig. 3.1. This
level is sufficiently close to the surface («2m a.g.) that it can safely be assumed that
all measurements were taken within the surface layer (SL) an thus can be compared to
standard SL expressions. The solid curves in Fig. 3.1 represent the linear expressions
proposed by Hogstrom (1988), g f and gf. The dashed curves were determined from the
integrated forms of the non-dimensional gradients as proposed by Beljaars and Holtslag
(1991), ¢ f and gf:

K —1+ 6A (3.2)
gf =0.95+ 7.8y (3.3
$tm = 1+ aj-+ brexp(-dJ) - - Mexp(-dn) (3.4)
gf =l+ar(l +7a?)+b"exp{-d*)-bd*{?r-")exp(-d"r) (3.5)

with a=1, 5=0.667, c=5 and d=0.35. In each panel of Fig. 3.1 average values together
with the run-to-run variability (indicated by error bars) are given for certain ranges of
stability.

For the stability range covered by the measurements, both gm-expressions give a fair over-
all fit to the experimental data. Expression (3.4) appears to be superior as stability in-
creases. A linear regression, requiring that gTJ0) = 1yields a factor 5.8 (+/- 0.2) which is
very close to the value determined by Hogstrom. However, expression (3.2) overestimates
the present observations for stronger stability. The same plot for the non-dimensional
temperature gradient (e/j) shows much more scatter and there is no indication for g” to
increase with increasing stability as predicted by standard surface layer expressions. The
observations close to the surface seem to indicate that g remains approximately constant
at its near neutral value (or even slightly decreases) over the range 0 < z/L < 0.5.
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FIGURE 3.1: Plot of #m and <h against z/L in log-log representation for stable stratihcation
calculated from observations at 2 m a.g. The solid curves represent the expressions (3.2) and
(3.3), the dashed curves refer to (3.4) and (3.5), respectively. The numbers correspond to the
number of observations used to calculated the averages (large symbols) in a given stability range.

The error bars indicate the standard deviation of the individual observations.

Fig. 3.2 shows the averaged measured wind and temperature profile for the runs in which
z/L > 0.1, i.e., the cases for which the difference between the two (*-functions is most
pronounced. The stars are averaged observations with error bars indicating the standard
deviation of the measurements. For wind speed, the function (3.1) was numerically inte-
grated from 0.5m upwards using equation (3.2) (solid line) and (3.4) (dashed line). For
temperature equations (3.3) and (3.5) were used respectively, to determine the profiles.
The solid lines represent the so called log-linear profiles. Both calculated wind profiles axe
in good agreement with the data up to a height of 5-10m. However, under these stable
conditions, with an average L of 15m, the log-linear form overestimates the present obser-
vations as height increases. It seems, that the surface layer is very shallow (< IOm) and
that the surface fluxes are no longer appropriate scaling parameters. At the first sight,
the excellent agreement in Fig. 3.2 of the calculated and measured wind profile when
using eq.(3.4) contrasts with this finding because (3.4) is formally based on surface layer
similarity since it is formulated in terms of the Obukhov length L based on surface fluxes
(and not on its local counterpart, A). However, according to Beljaars and Holtslag (1991),
the relationship between the local fluxes and the surface fluxes is incorporated in (3.4).
Fig. 3.2 confirms the success of this approach on the basis of the present data.

In contrast to the profile of mean wind speed, the average temperature profile shows no
log-linear region at all and both calculated profiles, overestimate the present observations
even close to the surface (Fig. 3.2 right panel). The measured temperature profile exhibits
a three-layer structure, with a near-neutral layer close to the ground, an almost logarith-



36

T(z)-T(0.5m)

FIGURE 3.2: The wind and temperature profiles determined numerically using eq.(3.1) and equa-
tions (3.4), (3.5) (dashed line) or (3.2), (3.3) (solid Une) in comparison with the data (stars) for
all the runs with z/L > 0.1.

mic profile (indicated by a constant slope in the semi logarithmic presentation) up to z «
15m and a more stable layer above.

Fig. 3.2 implies that the SL is probably lower than IOm under strongly stable conditions.
In order to include all the available turbulence measurements into the analysis the data
were therefore analyzed in terms of both, surface layer scaling and local scaling (Nieuw-
stadt, 1984).

Fig. 3.3 shows the <m-values as one example of the results in terms of both scaling ap-
proaches (left panel: SL-scaling right panel: local-scaling), where A is the local Obukhov
length. The data from each measurement level (indicated by different symbols) are
averaged over intervals of stability and only these averages are displayed (together with
a typical run-to-run variability for each height, indicated by a vertical line). Note, that
this way to present the data reflects the preliminary State of the analysis, in so far as the
proper scaling approach would require the observations from different levels to become
indistinguishable. Inspecting the right panel of Fig. 3.3, it becomes clear, that the aver-
age over the observations from all measurement heights would lead to an almost perfect
correspondence between data and the dashed line (eq.3.4), while the observations at, e.g.,
the 30m and 10m levels exhibit a quite different behavior. In general the data expressed in
the framework of local scaling have a smaller run-to-run variability for the individual sta-
bility ranges. Furthermore, the tendency with z/A seems to be smoother and corresponds
better to (3.4) Clearly, both scaling approaches show <pn to level off at large stability
where expression (3.4) fits the data much better than (3.2). The linear form (3.2) is in
good agreement with the observations for z/L < 0.4 (or z/A < 0.4, respectively).

It is concluded that at least some of the runs were performed under conditions such that the
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FIGURE 3.3: Plot for #4m against z/L (left panel) and Z/A (right panel). The different symbols

represent different measurement heights.

surface layer height was smaller than 30m and the upper levels of turbulent measurements
were above the SL. However the best correspondence to the data can be achieved when
using the expression of Beljaars and Holtslag (1991) on the basis of local scaling, i.e., by
substituting the local Obukhov length A for L in eq. (3.4). It should be noted, that these
conclusions are drawn from data, that were obtained under conditions of predominant
katabatic winds.
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KATABATIC WIND SYSTEMS OVER POLAR ICE SHEETS

Giinther Heinemann, Meteorologisches Institut der Universitat Bonn
Auf dem Hugel 20, D 53121 Bonn, FRG

1. Introduction

The katabatic wind system represents a key factor for the near-surface wind field of the Antarctic
region and Greenland. Coastal zones in both regions reveal a strong topographic gradient and are
associated with a wind regime dominated by katabatic forcing with wind speeds up to gale force (Ball,
1960; Wendler, 1990; Putnins, 1970). Strong winds with high temporal constancy are generally
observed to be associated with confluence zones due to topographic structures (Schwerdtfeger, 1984).
The goal of this paper is to investigate the 3D structure of the katabatic wind generated over the
sloped ice surfaces and its transition when passing over the coast-line. For this purpose, different
atmospheric situations and boundary conditions are investigated by idealized numerical simulations.
This kind of simulations using idealized simulations with 3D meso-scale models under highly
simpified boundary values for situations of an atmosphere being initially at rest is similar to the work
presented by Bromwich und Du (1995) for Greenland and Parish (1992) and Bromwich et al. (1994)
for the Antarctic.

The limited area model (LAM) used for this study is the operational DNMI (The Norwegian
Meteorological Institute, Oslo) LAM (Grgnas et al., 1987), which was adapted to the Antarctic region
(Engels and Heinemann, 1996). The model is mn with 121x97 horizontal grid points and 30 vertical
sigma levels (about half of the sigma levels are located below 850 hPa, in order to achieve a high
resolution of boundary layer phenomena). As with forecast rans in a nested mode, a first ran is made
for a 50 km grid (LAMS50). The initial State is an atmosphere at rest with horizontally homogeneous
fields of temperature and humidity. Vertical profiles of potential temperature are chosen being stably-
stratified with a near-surface air temperature of 255 K, the profile of the relative humidity reveals a
simple three-layered structure (see Heinemann, 1996a, for details) For the 25 km ran (LAM25),
forecasts of LAM50 are taken as initial fields (6 h forecast) and boundary conditions during the
simulation.

2. Results
Antarctic (Weddell Sea region)

Fig.l shows results for a simulation with complete sea ice coverage (WI case) for the subsection of
LAM25 of the eastem Weddell Sea. The wind vector field after 24 h simulation time is displayed for
the lowest sigma level (30 m above the surface, wind vectors every gridpoint, i.e. every 25 km). At
that time the near-surface katabatic wind system has reached a quasi-stationary State. The tuming of
the wind direction to the left (relative to the gradient of the topography) clearly reflects the influence
of the Coriolis force. Highest wind speeds (up to 14 m/s) are present over regions with increased
gradients of the topography as well as in areas, where the katabatic flow is channeled due to
topographic structures. In these areas of relatively strong katabatic winds turbulent surface fluxes of
sensible heat (HO of about -30 W/m2 are observed, resulting in an additional cooling by the vertical
divergence of the sensible heat flux. Since no katabatic forcing due to topographic gradients is present
over the sea ice, wind speeds decrease inside a narrow zone over the sea ice close to the coast-line.
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Fig.l: Topogra-
phy (full lines,
isolines every
500 m) and wind
vectors at the
lowest sigma le-
vel for a subarea
of the 25 km do-
main after 24 h.
A scaling vector
is shown in the
lower right cor-
ner. The triangle
marks the station
Halley (Hal), the
cross-section A-
A' is marked (see
text).

Fig.2 shows tangential wind vectors and the potential temperature after 24 h simulation for the cross-
section A-A' (approximately from west to east north of the station Halley, marked in Fig.l) and give
insight into the vertical structure of the katabatic wind system. The katabatic flow over the Continental
slope is observed in strong stably-stratified conditions and is confined to the lowest 300 m above the
surface. Tangential winds are small close to the coast-line, where the wind decreases and tums to
directions parallel to the coast (Fig.l). Since there is no synoptic-scale forcing in this simulation, wind
speeds are small at levels above the boundary layer.

A simulation with no sea ice coverage (WNI case) was performed in order to demonstrate the forcing
of the baroclinicity in the Coastal area caused by the air-sea interaction processes. From observations
(e.g. Pettré et al., 1993) it is known that the horizontal differences of the surface energy fluxes result
in a distinet forcing of the wind speed in the coastal areas of the Antarctic continent. The effeets of
the additional forcing resulting from the presence of the open water on the three-dimensional structure
of the wind fxeld are evident in Fig.3, which again shows the tangential wind vectors and the potential
temperature after 24 h simulation for the cross-section A-A'. As for the WI case, the shallow katabatic
wind regime can be seen over the Continental slope. In contrast to Fig.2, a pronounced secondary
circulation is present close to the coast. Upward wind velocities of about 3 cm/s are simulated above
the low-level convergence zone over the water, which is associated with a cloud band of about 1 km
thickness. Whereas in the WI case stable stratification is present over the sea ice, well-mixed
conditions over the open water can be found in the lowest 1 km for the WNI case.

Greenland

The boundary conditions for the idealized simulation for Greenland correspond to those of
March/April 1989. In contrast to the previous cases, a more realistic sea ice distribution was chosen
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Fig.2: Cross-section for the potential temperature (solid isolines every 2 K) and tangential wind vectors (at a
horizontal distance of 25 km) along line A-A' (see Fig.l, pressure in hPa) for the WI case after 24 h simulation
time.
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Fig.3: As Fig.2, but for the WNI case. The maximum of the relative humidity is indicated by the 90 % isoline
(double line).
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(Fig.4). The initial temperature and humidity profiles are identical to those of the simulations for the
Antarctic. Fig.4 displays the wind vector field at the lowest sigma-level (30 m above the ground) after
24 h simulation time for a subsection of the LAM50 domain for Southern Greenland. As for the
WIAVNI cases, the katabatic wind system has developed over the slope of the Greenland ice sheet.
The highest values of the near-surface wind speed are again found in the areas with largest
topographic gradients, and a channeling of the katabatic flow is observed associated with valleys.
Close to the coast and at the sea ice front strong baroclinic zones have been built up (not shown) and
-as in the WNI case- a belt of increased wind speed can be found in these areas. As demonstrated by
Heinemann (1996b), these conditions can lead to the formation of meso-scale circulations.

LAMS0 89 3 1 0+24 ZNUL TOPO WVFEK/

Fig.4: Topo-
graphy (full
lines, isolines
every 500 m)
and wind vec-
tors at the
lowest sigma
level for a
subarea of the
LAM50 do-
main for
South Green-
land after
24 h simula-
tion (scaling
vector in the
lower right
comer).

10 m/s
wmax =9.92 m/s katgri 4 zn

3. Summary

The katabatic wind system represents a key factor for the near-surface wind field of the Antarctic
region and Greenland. Idealized simulations with a three-dimensional meso-scale model are performed
to investigate the development of the katabatic wind system and its sensitivity to physical boundary
conditions, in particular channeling effects and the thermodynamic forcing close to the coast-line. The
simulated cases represent wintertime cases with complete sea ice coverage and no sea ice (for the
Antarctic) as well as a realistic wintertime situation for Greenland. The near-surface katabatic wind
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system is simulated with highest wind speeds over regions with increased gradients of the topography
as well as in areas, where the katabatic flow is channeled due to topographic structures. For the
Antarctic situations, a large impact of the presence of open water on the three-dimensional structure
of the wind field close to the coast can be shown, whereas the effects on the katabatic wind over the
sloped ice sheet are relatively small.
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ON A FOEHN EVENT AT THE WESTERN MARGIN
OF THE GREENLAND ICE SHEET

Friedrich Obleitner
Institut flir Meteorologie und Geophysik, Universitat Innsbruck

1. Introduction

Commonly ,,Foehn* is referred to as mesoscale meteorological phenomena occuring at the leeside of mountain
ranges. Amongst the associated meteorological features are above all relatively clear skies (Ac. lent. in case),
exceptionally high downslope velocities, high temperatures and low relative humidities of the air descending.
In that sense it is known to occur wherever a major barrier is to be surpassed by synoptic scale air flow (Alps,
Rocky Mountains, Caucasus...). But as expected, individual meteorological effects are highly dependent on
regional topography and the relative constailation of the synoptic forcing resp., yielding a broad Spectrum of
relevant observations.

Early and impressive descriptions of ,,Foehn* events in Greenland were summarized e.g. by Putins (1970).
Within recent literature less attention seemed to be given to Greenland Foehn events, whereas Foehn is still a
major aspect of ongoing research within mesoscale alpine meteorology (e.g.Seibert 1990). This contribution is
meant to document resp. analyse some aspects of a Greenland Foehn event by making use of alpine experience
which hopefully stimulates further work on this subject too.

2. Observations

The following case study refers to observations within an ISLSCP project where measurements of the energy
budget of dry Tundra at Isungua (67°N, 50°W, 480m a.s.l., 4km west of ice margin) were performed during
summer 1988. Judging by climatology (Tab.l), Foehn events revealed themselves firstly by exceptional high
temperatures despite of considerable cloudiness.

global
radiation temperature vapour preaaure wind speed
Hil <C (h?a) @/

5 19 1988 312.0 1.8 1 5.5 3.7 4.4 3.0 6.4
5 20 1988 331.1 3.0 ! 7.2 3.9 4.3 3.8 5.8
5 21 1988 313.1 3.0 | 6.8 4.9 5.8 3.8 7.1
5 22 1988 303.9 4.8 8.5 4.8 5.9 3.4 6.1
5 23 1988 328.3 7.3 11.9 4.7 6.4 5.2 9.7
5 24 1988 309.6 8.7 13.0 5.0 6.7 4.6 9.9
5 25 1988 275.8 10.9 13.7 5.6 6.4 5. 9.3
5 26 1988 290.9 7.0 12.2 5.1 6.9 4.4 9.9
5 27 1988 297.6 5.7 10.9 5.6 6.9 2.7 6.1
5 28 1988 276.1 5.5 9.2 5.4 7.1 3.0 7.2
5 29 1988 314.4 5.9 8.8 5.2 6.2 4.2 6.3
5 30 1988 330.1 7.8 11.5 5.2 6.0 4.0 6.5
5 31 1988 259.8 4.7 10.7 5.5 6.2 2.3 4.6
6 1 1988 314.4 5.5 9.7 5.4 6.7 3.7 5.4
6 2 1988 269.0 5.0 8.0 5.4 6.1 3.1 5.6
6 3 1988 137.2 4.0 7.8 5.3 6.5 .1 5.8
5 4 1988 172.0 1.0 3.2 5.8 6.7 2.7 6.1
6 5 1988 183.3 1.9 4.6 4.5 5.5 2.6 4.3
6 6 1988 151.1 2.1 4.5 5.4 6.8 4.3 7.9
6 7 1988 294.4 5.3 10.0 3.7 6.1 3.8 6.4
6 8 1988 232.1 8.8 11.8 6.5 7.5 3.7 5.6
6 9 1988 167.2 9.8 | 18.5 7.3 9.0 4.5 9.9
6 10 1988 219.9 6.9 | 10.0 6.7 8.8 3.4 5.4
6 11 1988 230.4 8.2 | 11.6 5.6 6.4 4.6 9.2
6 12 1988 115.8 6.3 | 10.8 6.8 8.6 3.3 8.6

Tab. 1: Daily mean | maximum values of meteorological parameters as observed at Isungua
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Thus the absolute maximum temperature was observed to be about 18°C during a day with Foehn (June 9),
which should be compared with about 11°C typical for a clear day just 1week earlier (May 30).

Maximum wind speeds reached about 10m/s which significantly stand out against the average too. Though
still coming down the ice, these Foehn winds were clearly found to occur from a more southeasterly direction
than the usual katabatic winds. The typical gustiness of wind direction and speed was observed additionally.
Vapour pressure increased due to advection of corresponding air masses, whereas relative humidity
significantly decreased below 50% as commonly associated with Foehn. Cloudiness was considerable (8/10),
preferrably as Ci. and Ac. lent. and Fc., which initially were arranged in wave like streets of SW-NE
orientation, tending to ,,chaotic sky* later on.

Generally air pressure decreased during the Foehn phases, whereas it recovered with the passage ofa cold
front which terminated the Foehn at the same time.

Conceming the energy budget of the Tundra near the ice margin, an overall decrease of tumover of energy
seems to be noteable during mature Foehn, i.e. a relatively low radiation budget was accompanied by
decreased turbulent fluxes of sensible and latent heat.

Within the observational period at Isungua (May 19 to June 13, 1988), 2 days were clearly dominated by the
occurence Foehn, though some less developed intermediate Foehn phases were observed on 2 additional days
too. The following analysis focusses on the most pronounced event during June 9, 1988.

3. Svnoptic analvsis

is based on routine meteorological observations within the area of interest, i.e. primary information is available
at the 850, 700, 500, 300hpa level (OOUTC) and at the surface (00/12UTC) respectively. Most relevant
information comes from rawinsoundings at lvigtut, Agmagssalik, Umanak and Thule, whereas information
above the ice is generally sparse.

Conceming the Foehn event during June 9, 1988 the following could be shortly summarized:

at the upper level (500hPa) a low pressure system moves into the Southern Davies Street which progressively
induced a southeasterly air flow from the southeastem coast of Greenland across the ice sheet towards the mid-
westem coast (Isungua). At the same time warm air swept the eastem slopes of the Greenland Ice towards
northeast, which was followed by a body of cold air approaching Cape Farvel. Upper level southeasterly flow
remained throughout the Foehn period.

At the surface level the synoptic development in Southern Greenland was govemed by a frontal system
Crossing the ice sheet towards northwest as the center of the corresponding depression moves towards Baffrn
Bay.

Summarizing the breakthrough of Foehn in Isungua was clearly associated with increasing pressure gradients
(mainly due to advection of cold air in the south) and southeasterly flow across the southem ice sheet at all
levels. Breakdown coincides with the passage of the cold front.

4. Thermodvnamics

During the discussed event the air arriving at Isungua was obviously Crossing the southem ice sheet in a SE-
NW direction. Thus the TEMP at Ivigtut might be fairly representative of the thermo-dynamical State of the air
mass arriving Greenland from the southem seas. The corresponding thermodynamical diagram (Fig.l) reveals
moist adiabatic lapse rates up to about 700 hPa (which roughly corresponds to regional crest height of the ice
sheet) and more stable air aloft.

This indicates intense lifting of stably stratified and relatively cold air masses which were forced to ascend the
southem margin of the Greenland Ice Sheet by corresponding synoptic scale flow. At the other hand
maximum temperatures reaching 18°C occured during Foehn at Isungua which is located at the leeside i.e.
downstreams of the ice divide. Starting at summit level, these high leeside temperatures associated with Foehn
at Isungua could be nicely explained by assuming dry adiabatic warming during descent of the air. In that
sense the investigated event seems to meet very nicely the ideal thermodynamic view of Foehn. This is not to
be expected a priori as a number of objections exist against a plain thermodynamical view of Foehn.
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Fig.l: Tephigram for lvigtut, 10.6.1988 OOUTC (-------------- ) during Foehn at Isungua.
Dry adiabatic descent from crest height towards Isungua is entered as well ( ----------- — ).

5. Tsentropic analvsis

Assuming quasistatic, adiabatic motion the atmospheric flow is basically govemed by pressure gradients at
isentropic surfaces. Applications of this basic concept to Alpine Foehn events have been proven to be valuable
tools (Seibert, 1990), an attempt of extension towards the Greenland Ice Sheet is presented by the following
vertical cross sections of potential temperature. The proposed SE-NW transect across the southem Greenland
Ice Sheet follows the mean direction of the air flow during Foehn at Isungua (IS) and is mainly based on
atmospheric soundings at Ivigtut (1), Sondrestrom/Sisimiut, Umanak/Jakobshavn (UM) and Thule (TH,

Fig. 2, insert). Intermediate information e.g. above the ice and the sea resp.was taken from ordinary weather
maps too.
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Fig.2: SE-NW vertical cross section of potential temperature for : a) the day before
b) during

c¢) the day after Foehn at Isungua
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As indicated by the shaded areas <290K, a body of cold and stably stratified air initially approaches the
Southern coast of Greenland whereas another pool of arctic air covers the mid western coast and Baffin Bay
area respectively (Fig. 2a). Both are clearly blocked by the barrier of the Greenland Ice Sheet.

Until Foehn develops at Isungua during the next day (Fig. 2b), ongoing advection substantially increases the
depth of the southem body of cold air. Due to stable stratification this air mass is partly blocked, resp.
deflected by Greenland topography, whereas at upper levels the unblocked air is lifted above the crest of the
Ice Sheet. Corresponding horizontal pressure gradients developed and accelerated downflow leewards of the
ice divide pushed the front of arctic air even farther north. Unfortunately relevant information above the ice is
sparse, thus mesoscale details of the analysis have to be judged critically. Nevertheless, a leewave admittedly
analysed by one measurement point only, would perfectly fit the known features of atmospheric flow during
Foehn.

Until the day after Foehn at Isungua, a mighty body of potentially cold air swept the whole transect which
corresponds to the observed northward migration of the associated frontal system (Fig.2c).

Summarizing, the investigated Foehn event seems to reflect very nicely the alpine experience, both - from the
thermodynamic and dynamic point of view respectively. This is more than a priori to be expected in front of
this preliminary analysis and the extreme regional and temporal variability inherent with Foehn.

6. Implications on the mass- and energv budget of the Greenland Ice Sheet

No doubt any mesoscale atmospheric feature principally might be of relevance at least for the regional
energy- and mass budget of an ice sheet too. This might be imagined e.g. by distortion of the katabatic regime,
channeling /pass effects, enhanced drifting snow activity and enhanced luv/lee effects on cloudiness,
precipitation and accumulation generally. Let's examplify a basic temperature effect of Foehn at the ice sheet
too: during Foehn in Isungua with maximum temperatures about 18°C , the melting zone with temperatures
above 0°C might be expected to have reached 1700m a.s.l. instead of 1100m a.s.l. as estimated for a clear day
within the observational period.. An area of some 500x 500km2might have been concemed in that sense for
about half a day. Let's remember in this context too that for Greenland Coastal stations January maximum
temperatures of +12°C have been reported, more than +25°C during June, which both were likely to be due to
Foehn events.

At the other hand it is to be mentioned of course, that mature Foehn does not occur every day. In faet its
frequency of occurence within the different sectors of the Greenland Ice Sheet is amongst the wealth of
relevant questions left for future work.
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KATABATIC WIND OVER GREENLAND:
COMPARISON OF MODEL RESULTS WITH OBSERVATIONS

Gunthard Niederbaumer
Department of Geography,
Swiss Federal Institute of Technology
Zurich, Switzerland

Results from a two dimensional mesoscale hydrostatic katabatic wind model are compared
with field observations from the ETH Greenland Expedition (Ohmura et al., 1991, 1992).

1 Model description

The model is based on a Antarctic katabatic wind model used and described by Waight
(1987) and Parish and Waight (1987). Major modifications for the situation in Greenland,
in particular, changes in parts of the surface energy flux parameterization were necessary.
For the short wave radiation, the formula from Konzelmann et al. (1994) is used:

S =084 Soexp(-0.0Z?err)-l% isaa’ (1.1)
where aa is the albedo of the atmosphere, as is the surface albedo, the relative optical
air mass is mr, So the solax radiation on the top of the atmosphere and t1 is the Linke
turbidity factor. This parameterization was developed with data from Greenland (Konzel-
mann et al., 1994), and it is the best available at present. For the sensible heat flux a
parameterization from Beljaars and Holtslag (1991) gives good results for the situation in
Greenland. The sensible heat flux Qh is

on  "UTk(Oi - B9 (L.2)

*te)

where 61 is the potential temperature at the first cr-level, 8Sis the potential surface temper-
ature, Qo the specific heat, p the density of the air, z is the height, L the Obukhov length,
zgh the surface roughness length for heat and 'F# the dimension-less stability function for
heat:

(1.3)

with 6= 0,667, ¢ = 5and d = 0.35.

2 Field data

An early spring situation in 1991 with high albedo and cold show surface, the 48-hour
period from 11.May 1991 00:00 UTC to 13.May 1991 00:00 UTC has been chosen for
comparison with model results. This period was a very nice weather situation without
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low level clouds. The weather maps of the German Weather service show a very weak
pressure gradient at the surface level. The synoptic observations at the ETH Camp report
only some high cirrus clouds. The solid lines in Figure 2.1 show the observed wind speed
and wind direction in 10 m height, the screen level temperature and the net short wave
radiation. In Figure 2.2 the solid lines shows the up- and downward long wave radiation
and the net long wave radiation.

The temperature reaches a maximum of-7 °C in early afternoon and a minimum of-22 °C
at night. The wind speed is strongly correlated with the temperature. Highest wind speeds
occur shortly after the early morning temperature minimum. The wind direction during
night points down slope and turns almost to cross slope direction during morning. The
short wave radiation reaches a maximum of 120 Wm2. The incoming long wave radiation
at the surface is stable around 190 Wm2 and the outgoing long wave radiation follows the
surface temperature with a maximum of -260 Wm2 and a minimum of -220 Wm2. This
gives a net long wave radiation between -30 and -70 Wm2. The measurements for the
turbulent heat flux started later in the season.

Figure 2.1: The solid lines shows measured wind speed at |Om (top left), wind direction at
IOm (top right), screen level temperature (bottom left) and short wave radiation (bottom
right) for the time period from 11.5.1991 to 13.5.1991 at the ETH Camp. The dashed
lines shows the model results for the grid point representing the position of the camp.

3 Comparison

A run with the two dimensional model is compared with the measured data. A profile
from the summit along the 72th meridian to the coast and about 200 km into the open
ocean. The grid has 160 points with a distance of 552 km in the horizontal and 15 levels
in the vertical distance. The top of the model is fixed at 250 hPa. The albedo is taken
constant over the 48-hours simulation and the snow density and subsurface temperature
is taken constant in time and space. The result shown in Figure 2.1 underestimate the
wind speed. The measured and observed daily cycle are corresponding in phase, but
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Figure 2.2: The solid lines shows measured net radiation (top right), outgoing long wave
radiation (bottom left) and incoming long wave radiation (bottom right) for the time
period from 11.5.1991 to 13.5.1991 at the ETH Camp. The dashed lines shows the model
results for the grid point representing the position of the camp with the turbulent heat
flux in addition (top left). For this time period are no measurements for the turbulent
heat flux available.

the computed wind maximum is about 6 m/s too low. One possible reason is the weak
synoptic pressure gradient pointing west-northwest, but this cannot explain the entire
difference. The wind direction corresponds to the observation. In the model the minimum
temperature is about 5 °C too low but the maximum temperature comes close to the
measured values. The short wave radiation is in accordance with the measurements. The
long wave radiation correspond well during night and early morning, but ist too low in
the afternoon. The vaxiaton in the measured incoming long wave radiation might be the
result of different air masses moving over the ETH Camp. With a two dimensional model
it is not possibel to simulate this kind of perturbations. The turbulent sensible heat flux
is negative during night and positive during the day.

4 Conclusion

The model is able to simulate dry and cold snow situations in a satisfactory way. Most
of the processes are well represented in the model. The results are best for dry snow
conditions. With melting and freezing processes at the surface, we need additional pa-
rameterization of these processes. The reason for the too low wind speed has also to be
investigated in more detail. Despite these drawback, the model has become a useful tool
to study single processes in the surface layer above the Greenland ice sheet.
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TURBULENT EXCHANGE: RESULTS OF THE GIMEX-VU CAMP

Anton Meesters
Vrije Universiteit, Amsterdam

The GIMEX-VU camp was located at 67°02°N, 48°12’W, in west Greenland, 90 km from
the ice margin. The measurements were performed in July 1991. Two eddy correlation
systems, at heights of 4 m and 13 m, were used to measure turbulent exchange. Each
system consisted of a sonic anemometer, a thermocouple and a Lyman-a moisture
fluctuation sensor. Profiles of wind speed, temperature and moisture were measured at six
to eight levels using a mast with a height of 30 m.

The sensible heat flux was almost always directed downward, whereas the vapour flux
was upward. Sensible heat fluxes were determined from vertical velocity fluctuations and
temperature fluctuations; the latter were determined either by the sonic anemometers or by
the thermocouples. It appeared that if the thermocouples were used, the resulting sensible
heat flux was markedly reduced compared to the case with sonic anemometer temperatures.
It is likely that the former results are erroneous since they cannot be matched well with the
profile measurements. The most probable error source seems to be a spurious temperature
fluctuation of the thermocouples by the combined effect of insolation and fluctuating
(ventilating) wind speed. This effect is absolutely small and has been almost entirely
neglected in the literature, but it can be relatively large in the present case because the
actual fluxes are very small. As a consequence, the vertical gradients of temperature and
moisture content are also small, and it took some time to overcome the associated
difficulties.

The investigation has concentrated upon daytime measurements for which the surface was
melting, so that surface values for temperature and moisture content were accurately known.
A set with 165 cases of half an hour duration has been selected. They have been classified
into four groups: "neutral”, "stable", "windy neutral” and "windy stable", the 8 m wind
speed being less than 6 m/s for the former two and more than 6 m/s for the latter two.

Comparison of the observed turbulent fluxes to profile measurements close to the surface
yielded (preliminary) roughness lengths of Zg= 6 x 1ICi4 m, Zj =2 x 10'6m, and zq= 8 X
104 m. These values do not depend significantly on the weather conditions, but z0 is
increasing somewhat in the course of the measurement campaign, as the surface was
roughened by ablation.

For each of the four classes, the observed profiles were averaged. Theoretical profiles
were also calculated for each case, using



56

Ah~~surf _ In— + 8.
0. L
and a similar equation for moisture. The resulting profiles were also averaged over each
class.

Figure 1 compares the results for the wind speed, and figure 2 for the potential
temperature. It is seen that in general, reasonable accordance is found (horizontal shifts are
caused by the use of constant roughness lengths for the calculations, and are not
significant). For class S, there are discrepancies which can be explained from the existence
of a shallow katabatic layer for this case. Katabatic effects are believed to play a role also
for the other classes, but there the layer is too thick to cause significant distortions below
mast height.

It is concluded that in spite of the katabatic wind that develops over the ice sheet, it is
well possible to infer fluxes from profile measurements close to the surface. However,
because of the weak fluxes and small gradients, it should be made sure that the instruments
are able to resolve the gradients well. In particular, it is recommended to use aspirated
instruments for measuring temperature, which has not been done in the present

investigation.

reference:
Meesters, Henneken, Bink, Vugts and Cannemeijer : "Estimating turbulent fluxes from

simple meteorological measurements for smooth melting ice (S.W. Greenland, July 1991)".
To be submitted to Boundary-Layer Meteorology (?).
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wind speed (m/s)

figure 1. Average profiles of wind speed, observed (solid lines) and calculated from the
fluxes (dashed lines). The following classes are discemed: "neutral” (+), "stable” (*), "windy
neutral” (o) and "windy stable" (x).

pot. temperature (C)

figure 2. The same, but for potential temperature.
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GLACIOMETEOROLOGICAL, ISOTOPICAL AND CHEMICAL STUDIES
ALONG THE NORTH GREENLAND TRAVERSES 1993-95:
IMPLICATIONS FOR THE POSITION OF NORTH GRIP

H. Fischer and D. Wagenbach
Institut fur Umweltphysik, Universitat Heidelberg, Im Neuenheimer Feid 366, D-69120 Heidelberg

Background

Anthropogenically induced changes in climate and atmospheric chemistry have focussed
interest on deep ice core studies from polar regions (GRIP, GISP, EPICA) as reliable,
conservative archives of past climatic and atmospheric conditions. The interpretation of e.g.
isotopic ice core records, however, is dependend on the validity of the 818/temperature-
relationship assumed for the area investigated and its sensitivity on temporal changes. The
interpretation of Chemical ice core records in terms of atmospheric conditions is crucially
dependend on the knowledge, how changing glaciometeorological parameters (snow
accumulation, temperature) control the deposition process of aerosols and water reactive trace
gases. Ground truthing of such relationships may be acconxplished by ice core studies covering
a wide range of glaciometeorological conditions prevailing at various geographical regimes on
the ice sheets.

Thus, reestablishing of the EGIG-line by the Geodatisches Institut, Braunschweig, in
1990-92 enabled us to carry out a glaciological surface study along a longitudinal traverse
through central Greenland (Anklin et al, 1994, Fischer et alL, 1995, Fischer and Wagenbach,
1995). In the following summers 1993-95, three glaciological traverses were performed in the
vast region of the northem Greenland Ice Sheet in a cooperation of the Alfred-Wegener-
Institut, Bremerhaven, and the Institut fur Umweltphysik. Along these traverses 13 deeper ice
cores were drilled covering a time span of 500-1000 years and an extensive surface study
(shallow ice cores, pit studies, fim temperature measurements) was performed (see Fig. 1).

Up to know, 3 deeper ice cores and 8 shallow fim cores together with various snow pits
along the meridional subsection GRIP-B21 of the North Greenland Traverses (NGT), were
analysed in Heidelberg for their isotopic (5IsO, 5D, d) content as well as for ion concentrations
(F, MSA', CI\ NO3 S04, Nat NH.+ K+ Mg2s Ca2). Here we present first results of the
glaciometeorological, isotopical and Chemical surface study along this meridional subsection,
which, together with our tindings along the EGIG-line, are discussed with respect to the
position ofthe new deep drilling site North GRIP.

Results

Dating of shallow cores and snow pits was accomplished by counting annual layers in the
fim (Le. 8D, 81, mineral dust species). The outcome of the derived average snow
accumulation rates A over the last 10 years (see Fig. 2a) revealed a distinet low accumulation
area north of 74°N, with A (»10 cm w.e /a) being up to 50% lower than previous values
comprised by Ohmura and Reeh (1991).

The geographical distribution of 8D (based on 20 snow pits covering 3-5 years) in Fig.2c
shows a strong decline from Créte to B16 and following a weak northward inerease to B21.
Unfortunately temperature measurements along the NGT are not finally evahiated, however,
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applying the SD/temperature-relationship of the EGIG-line east of the ice divide (8D=4.6T-
123.4; Fischer et aL, 1995) indicates a temperature minimum around -40°C along the NGT at
74°N. The deuterium excess d north of the EGIG-line (see Fig.2d) remains constant up to
76°N, followed by a 3-4°/°° decline fiuther north, indicating water vapour advection from
cooler ocean source areas being more important in this high latitude region.

To illustrate the findings conceming the Chemical components the geographical
distribution of sulfate, a species whose natural contributions (sea salt, biogenic emissions etc.)
are nowadays dominated by anthropogenic fixel combustion, is exemplarily plotted in Fig.2b. A
continous northward increase in recent sulfate concentrations is observed, which may partly be
attributed to the accompanying decrease in annual snow accumulation. The northemmost
positions B18, NGT 18 and B21 show significantly higher concentrations than expected from
their local snow accumulation rate, possibly due to higher influence of anthropogenically
polluted air masses advected over the pole region during winter/spring. Also plotted in Fig.2d
are preindustrial background levels at B16, B18 and B2l together with respective vahies at
Summit (Whitlow et al., 1992) and Site A (Laj, 1992). Preindustrial sulfate concentrations
amount only to —/3 ofrecent values but reveal as well a clear northward increase govemed by
the concurrent decline in snow accumulation.

Implications

Due to the unexpectedly low accumulation rates around 74°N a new deep drillmg in this
area iIs expected to succeed in covering the Eem interglacial well above bedrock, thus, reducing
potential disturbances, which impair the interpretation of the isotopic records at GRIP and
GISP, significantly. Choice ofthe new drill site on top ofthe main ice divide reduces modelling
efforts significantly, however, assignment of this site to the different isotopic regimes east and
west of the ice divide, as derived along the EGIG-line (Fischer et aL, 1995), is not
straightforward and possibly variable due to temporal changes in the position of the ice divide.
Also temporal variations in snow accumulation due to changing ice divide position are more
likely to occur in the west (Fischer et al., 1995), thus resulting in significant variations in ionic
background levels which are not caused by temporal changes in atmospheric concentrations.
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Flg. 1: Map of northem Greenland
showing some of the shallow fim core
sites along the EGIG-traverses 1990-
92 (dashed line) and the deeper ice
core sites along the North Greenland

Traverses  1993-95  (solid line).
Results in the text concem the
meridional line from Créte over

GRIP, B16, B18 to B21.

Fig. 2: Latitudinal distribution of
various fim parameters along the
meridional  line  Créte-B21: a)
Average annual snow accumulation at
10 shallow fim core sites covering the
last 10 years together with their
standard deviations, b) Average
annual water weighted mean of recent
sulfate concentration in the fim cores
together with their standard deviation
(full  symbols) preindustrial
sulfate concentrations (open symbols)
at B16, B18, B21, Summit (values
given by Whitlow et al., 1992 for the
time span 1259-1900) and Site A
(values given by Laj et al., 1992, time
span: 1811-1820). c) Average annual
water weighted 8D of 20 snow pits
covering approximately 2-5 years. d)
Average water weighted deuterium
excess (rf=5D-88IgO) in the snow pits.
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THE AWINORTH GREENLAND TRAVERSE 1993-1995

Matthias Schwagerl, Sepp Kipfstuhl, Thorsteinn Thorsteinsson,
Frank Wilhelms & Heinz Miller
Alfred-Wegener-Institut fur Polar- und Meeresforschung
Postfach 120161, 27575 Bremerhaven, Germany

Hubertus Fischer2 & Dietmar Wagenbach
Institut fur Umweltphysik, Universitat Heidelberg, Germany

Stefan Sommer3
Physikalisches Institut, Universitat Bern, Switzerland

Introduction

Little is known about the distribution of precipitation and about the isotopic signature and the impurity
content in snow and ice of Northern Greenland. There is special interest in the temporal variation of
these parameters prior and during the present time ofanthropogenic influence (the last 250 years). After
the deep drilling activities of GRIP and GISP2 as well as the German traverse work along the EGIG line
were finished the AW North Greenland Traverse was realized during the summer seasons 1993-1995.

Field program

At 12 sites ice cores 100-175 m in length were drilled. The distance between two ice core drilling sites
was 100-150 km. Every 50 km fim cores were drilled to 15 m depth. From these we are able to sample
firn from the last decades and get a higher spatial resolution between the ice cores. At each drilling
site a snow pit was dug for high resolution sampling of snow for Chemical and isotopical analysis. For
detailed description of the visual stratigraphy we used backlight profiles (only in the 1995 field season).
Temperature measurements in each borehole were made down to 15 m. The position of each drilling site
was measured by GPS. At the ice core drilling sites strain nets were set up to measure the deformation
rate of the ice sheet. En route gravity measurements were made every 2-5 km. In the seasons 1993 and
1994 ice radar profiles were taken along the route. Figure 1shows the route ofthe AWI North Greenland
Traverse. Table 1 lists all drilling positions measured by GPS.

le-mail: mschwage@awi-bremerhaven.de
2e-mail: fi@uphysl .uphys.uni-heidelberg.de
3e-mail:sommer@climate.unibe.ch
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Fig. 1: Route of the AWI North Greenland Traverse. Big circles show ice core
drilling sites; small circles show fim core drilling sites.

Results

Figure 2 compares the record of 6180 with the visual stratigraphy in snow pit NGT 42 (76°N, 43°30°
W; 2870 m WGS 84). We see the typical seasonal signals in £180. The average 6180 is -35.8 %o0- The
record covers a time span of nearly 5 years. The average accumulation is about 45 cm of snow per year.
Assuming a density of 0.35 g/cm 3, we estimate an average accumulation rate of approximately 160 mm
w.e. a-1 for the last 4 years. This is in good agreement with the accumulation rate we obtain from ice
core B 29. The stratigraphy indicates the different layers identified by grain size and hardness. The <180
record shows high values where depth hoar layers appear in the stratigraphy.

In Figure 3, the 6180 record for different sections of ice core B 21 (80°N, 41°W) is plotted. In the first

meter we see the annual layers, as expected. W ith increasing depth the period increases to 3-6 years.
The other ice cores of the traverse show similar profiles.
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Fig. 2: 6130 profile (left) and visible stratigraphy (right) in snow pit at NGT 42. Layers determined
by grain size (fine grained = fg, medium grained = mg and coarse grained = cg) and hardness (soft,
medium, hard). Solid lines indicate crusts; dashed lines indicate boundary between firn layers. Shaded
areas represent depth hoar layers.
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Fig. 3: £180 profile of core B 21 (80°N, 41°W, 2185 m WGS 84).
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Preliminary accumulation rates over the last 200 years are derived from all ice core positions. Our results
confirm the precipitation data of Ohmura & Reeh (J. Glaciol, 37, 1991, 140-148) in the western part of
the traversed area. However, the area of low accumulation (< 150 mm w.e. a-1) is much larger and the
gradient towards the low accumulation area is much steeper. Within the short distance of 150 km the
accumulation drops by about 30 % between Summit and position NGT 03 ( 73° 56’ N, 37° 37" W, 3040
m WGS84).

Site Core Longitude (° > N) Latitude (° *W) Height (m WGS 84)
NGT 01 73 01 37 38 3279
NGT 02 73 30 37 39 3137
NGT 03 B16 73 56 37 37 3040
NGT 04 74 23 37 37 2963
NGT 05 74 51 37 37 2873
NGT 06 B17 75 15 37 37 2820
NGT 09 75 29 36 23 2713
NGT 12 75 43 36 24 2671
NGT 13 76 10 36 24 2591
NGT 14 B18 76 37 36 24 2508
NGT 17 77 03 36 24 2415
NGT 18 77 31 36 23 2319
NGT 19 B19 78 00 36 23 2234
NGT 20 77 17 33 50 2173
NGT 21 77 38 3504

NGT 22 78 25 36 26

NGT 23 B20 78 50 36 30 2147
NGT 24 78 49 34 39

NGT 25 79 13 37 57

NGT 26 79 37 39 30

NGT 27 B21 79 59 41 08 2185
NGT 28 80 21 41 07

NGT 29 79 47 43 30

NGT 30 B22 79 20 45 54

NGT 31 78 56 45 16

NGT 32 78 26 44 33

NGT 33 B23 78 00 44 00 2543
NGT 34 78 13 45 53

NGT 35 77 45 45 46 2615
NGT 36 77 29 47 28 2625
NGT 37 B26 77 15 49 13 2598
NGT 38 76 57 47 44 2666
NGT 39 B27/28 76 39 46 29 2733
NGT 40 76 27 45 27 2814
NGT 41 76 14 44 29 2858
NGT 42 B29 76 00 43 29 2874
NGT 43 75 40 42 57 2921
NGT 44 75 20 42 28 3017
NGT 45 B30 75 00 42 00 2947

Table 1: Drilling sites of the North Greenland Traverse measured by GPS (no post processing
applied).
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GLACIER BASININVESTIGATIONS 1995 ON HANS TAUSEN ISKAPPE,
NORTH GREENLAND

Henrik Hgjmark Thomsen], Niels Reeh2 Ole B. Olesenland Peter Jonsson3

1) Geological Survey of Denmark and Greenland (GEUS), Denmark
2) Danish Polar Center (DPC), Denmark
3) Lund University of Technology (LUT), Sweden

A glaciological project has been carried out from 1993 to 1995 on Hans Tausen Iskappe,
a local ice cap in North Greenland (Fig.l). The project was funded by the Nordic
Environmental Research Programme 1993-1997 launched by Nordic Council of Ministers. The
project is a collaboration between 6 institutions from Denmark, Iceland, Norway and Sweden.

The main goal of the project is to investigate the present and past climate and glacier
dynamics of North Greenland by means of ice-core records, ice margin studies, mass balance
and climate studies and glacial geological studies on and around Hans Tausen Iskappe. The
three years of work has mainly been field activities, with planning and reconnaissance in 1993
and an increasing level of field activities during the summer 1994 and 1995. The field work
was mainly performed at two locations: 1) The southem dorne and 2) an outlet glacier basin
including the northem dorne in the north-eastem part of the ice cap (Fig. 1). The main activity
in the southem dorne region was ice core drilling to bedrock and associated ice thickness,
strain-rate and velocity measurements. The work at the outlet glacier basin constituted glacier-
climate and mass balance studies, collection of ice and snow samples from the surface,
measurements of ice thickness, ice velocity and englacial temperatures. In addition glacial
geological investigations were made in Nordpasset and Adolf Jensen Fjord north and west of
the ice cap respectively (Fig. 1). Since the main part of data and material was obtained during
the 1995 field season only very preliminary analyses and data processing has been undertaken.
This contribution deals mainly with the glacier basin activities during the summer 1995 and
other activities are only described briefly.

Hans Tausen Iskappe

Hans Tausen Iskappe is a local ice cap located in western Peary Land (Fig.l). The north-
south extension of the ice cap is about 75 km and the east-west extension is about 50 km. The
ice cap has several dornes (outflow centres) reaching elevations of 1200 to 1300 m a.s.l. and
several outflow glaciers drain the ice cap to the west, north and east. They often terminates
in elevations of a few hundred metres with some reaching sea level with a calving front. The
Southern margin can be characterised as a "quit" sector often covered by snow drifts which
survives the summer melt period.
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35°

Fig. 1. Hans Tausen Iskappe. Map based on data from the National Survey and Cadastre (KMS), the Geological
Survey of Denmark and Greenland (GEUS) and the Geophysical Department of the University of Copenhagen.
D: Site of ice core drilling. Dotted line: Limit of ice cap sector for glacier basin investigations. Enlarged map
of this ice cap sector is shown in Fig. 2. Arrow: Location of surface ice sampling at an outlet glacier south-east
of the Southern dorne.

Glacier basin activities 1995
Ice-thickness measurements

Ice-thickness measurements by radio-echo soundings were made in June, covering the entire
glacier basin (Fig. 2) using snow scooters to drag the radar system. The data will serve as
input for ice flow modelling.

A total of approximately 70 line kilometres of data were collected. This includes a long
profile following the central flow line from the ice tongue to the northem dorne (Fig. 2) and
two profiles parallel with the central flow line but approximately 1 km to each side.



69

Fig. 2. North-eastem part of Hans Tausen Iskappe showing ice cap sector for glacier basin investigations. The
ice cap sector is also shown on Fig. 1. Stakes for mass balance and ice velocity measurements are shown together

with the central ice flow line from the northem dorne to the glacier terminus.

Furthermore several cross profiles perpendicular to the central flow line were made together
with a dense net of lines on the northem dorne (Jonsson, 1995). The data awaits further
processing and combination with the GPS tracking data. However a comparison of ice-
thickness data from the radio-echo sounding and hot water drilling around stake 451 (see later)
shows that good quality data can be expected. The radio-echo sounding data show maximum
ice-thicknesses of up to 350 m i the glacier basin, whereas the ice-thickness along the centre
line of the glacier tongue is generally between 250 m and 300 m. The ice-thickness at the
northem dorne is around 250 m.

Hot water drilling for ice temperature measurements

Thermistors strings, to measure englacial temperatures from the ice surface to the bottom
of the ice, were planned to be installed at the two strain-net sites at stake 13 on the northem
dorne, at stake 451 on the glacier tongue and around the equilibrium line near stake 75, (Fig.
2). The englacial temperature data will serve as input for ice flow model studies. The holes
were drilled with a hot water drill developed by Geological Survey of Denmark and Greenland
(Olesen, 1989). Due to very unfavourable drilling conditions, including development of deep
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slush fields, rock debris in the ice and the break down of a generator, only the thermistor
string at stake 451 was successfully installed.

The first hole was drilled at stake 451 on the glacier tongue. The drilling was successfully
accomplished and bedrock reached at a depth of 288 m below the ice surface. A thermistor
string was placed in the hole with thermistors mounted at the following depths in metres
below the surface: 16, 26, 46, 71, 96, 121, 146, 176, 201, 226, 246, 266, 276, 286.

Temperature readings were made
several times in the drill hole at stake
451 from August 3 to 19. The accuracy
of the temperature measurements in the
ice is £ 0.2°C. According to similar
temperature readings in hot water drill
holes on White Glacier, Axel Heiberg
Island (Blatter, 1985), the temperatures
are close to equilibrium State after 2 to 3
weeks. The reading on August 19 is
therefore assumed to be close to
equilibrium (Fig. 3). The englacial
temperature varies between -18.5°C at 10
m depth to about -1.5°C at the bottom.
The high temperature at the bottom was
unexpected, but indicates that even a
moderate climatic warming at the surface
may after some time bring the basal
temperature in the marginal zone to the
pressure melting point resulting in
increasing ice flow velocities.

Fig. 3. Temperature-depth profile on the glacier tongue at
stake 451. The glacier bottom is at a depth of 288 m.

Mass balance 1994/1995

The stakes established in June 1994 between the northem dorne at an elevation of about
1320 m and the terminus of the outlet glacier tongue at an elevation of about 220 m were
visited af several occasions in June and August 1995 to measure the transit balance for the
winter period 1994/95 and the summer period 1995 respectively. In the ablation area stake
readings and snow soundings at the stakes were made. In the accumulation area stake readings
were made to record the magnitude of snow accumulation and melt. Furthermore density
profiles in the top few metres of the snow and fim were made in June and August to compare
the profiles and detect effects of summer melting and refreezing. Simultaneously snow and
fim samples for 518 analysis were selected to elucidate possible fractionation in the
accumulation area in connection with refreezing and formation of superimposed ice. The snow
and firn densities were measured in June to a reference level which was assumed to be below
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the depth of maximum percolation. In August these measurements were repeated to the same
reference level and the mass change was computed. Experience from the Devon Island ice cap
in arctic Canada show that the depth of maximum percolation is less than 2 m (Koerner,
1970). A depth of 2 m was therefore chosen. The density measurements were made in snow
pits and samples were taken from the walls of the pit.

The mass change measurements in the accumulation area show that all melting refreezes in
the snow and fim together with small amounts of summer precipitation, but the exact values
of the area mass change are questionable, because the measurements only represents one point
at each location. However the general trend for all measured locations in the accumulation
area show that it is reasonable to assume, on a conservative basis, that the transient balance
for the summer period is close to zero. The mass balance study also showed that slush several
tens of centimetres thick, develops late in the melt season over vast areas of the glacier basin.
The measurements indicate that most of the slush refreezes to form ice layers in the snow and
fim or superimposed ice, causing local warming of the surface near layer of the glacier.
Measurements of ice temperatures down to 10 metres of depth at several locations in the
glacier basin reveals variations of the temperature at ten metres of depth between -20° and
-17°C which seems to be related to this warming mechanism.

To elucidate the melting and refreezing processes, further work is needed including
modelling of the temperature in the snow and fim based on the recorded surface near
temperature data. This also includes the analysis of snow and fim SX® values to study
possible seep-away of summer snow with high 8-value and fractionation in connection with
refreezing of melt water. The preliminary annual balance values varies from ablation of more
than 1.5 m of ice per year at an elevation of 200 m via balance around 750 m to accumulation
of about 0.3 m ice equivalent at an elevation of about 1300 m.

Ice velocity and deformation measurements

Ice flow velocities were measured by repeated relative GPS surveys at all the stakes
covering the glacier basin (Fig. 2). The data will serve as input for ice dynamic modelling.
The stakes which were established and positioned in 1994, were positioned twice in 1995;
once in June and once in August. Strain rates have been determined in three strain nets, one
at the northem dorne, one just below the equilibrium line of about 700 m a.s.l. and one at a
location on the central part of the glacier tongue at an elevation of about 500 m a.s.l. All data
have been processed to give preliminary summer, winter and annual values of vertical and
horizontal velocities as well as flow directions. The data reveals that horizontal surface ice
velocities on the glacier tongue range from about 5 m/yr near the terminus to about 50 m/yr
near the equilibrium line at an elevation of about 750 m a.s.l. (Fig. 4) In the accumulation
area, velocities are typically a few metre per year.

Stable isotope studies

Collection of surface ice, snow and fim samples for 5IsO analysis along the stakes in the
glacier basin was started in 1994 to be compared with the 818 record from the ice core at the
southem dorne. Preliminary analysis of the samples from the glacier basin show large
unexpected variations and trends (Fig. 5). In order to make a meaningful comparison of the
81sO record from the surface of the ablation area in the glacier basin with the deep drilling



10

72

15

50. -50
+C"40- -40
>, n
230- -30
1
2 20 -20
[}
0
N
io- -10

10 15 20
Distance from Northern Dorne (km)

Fig. 4. Variation of horizontal ice surface velocity along the central ice flow line in the north-eastem glacier basin
of Hans Tausen Iskappe. For location of central ice flow line see Fig. 2.

Fig. 5. 81® variation along the central ice flow line in the north-eastern glacier basin of Hans Tausen Iskappe
based on sampling in 1994. For location of central ice flow line see Fig. 2. The equilibrium line is about 11 km
from the northern dorne. The “reverse” 81 trend in the accumulation basin (0-11 km) is confirmed by additional
samples collected in June 1995.
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record, the surface 818 record must be corrected for variations in the 518 content of the ice
in the accumulation area of the glacier basin. Samples from snow pits and SIPRE corings in
the accumulation area of the glacier basin show a pronounced “reverse” relationship of 818
with elevation. As shown in Fig. 5, a 4.5%o increase of 8IsO for a 550 m increase of elevation
is present in the accumulation area of the glacier basin. In order to elucidate these variations
in 810 a more detailed sampling programme was carried out in August 1995. Samples were
taken at all the stakes from stake 25 to 652 and at locations in between the stakes. The
positions of the in between stake locations were recorded with a hand-held GPS. A total of
290 ice samples were taken from the glacier tongue area with 10 samples collected at each
location. Furthermore about 60 samples of snow and fim were taken in August from the
accumulation area during pit work and SIPRE coring. This sampling covered collection of
snow, fim and superimposed ice at stake 13, 1053, 951, 851 and 75.

This repeated sampling confirmed the above mentioned results from the 1994 sampling
programme.

A similar “reverse” 818 trend is found in the ice core drilled at the southem dorne
(Hammer, 1995) showing 818 values, 1.5%c lower at the bottom 100 m, which have no
counterpart in other Arctic moderately large ice cap cores. Both the above described reverse
relationships could be due to heavy summer melting causing the summer snow with high 8-
value not only to melt but even to seep away through the snow pack. This explanation is
supported by the observation of extended slush fields developed in the summer period up to
elevations of more than 1000 m in the accumulation of the ice cap.

Furthermore surface ice samples collected in 1994 near the terminus of the glacier tongue
and on a glacier tongue south-east of the ice core drilling location on the southem dorne (Fig.
1) indicate that ice from the last ice age is not present at the margin of Hans Tausen Iskappe.
To confirm this observation additional ice samples were collected on the glacier tongue near
the ice core drilling location. Here a total of 300 samples were collected along a two
kilometres profile covering the outermost part of the ice tongue with a sampling interval of
5 m for the outermost first kilometre and 10 m for the rest of the profile. This additional
sampling confirmed the observation that ice from the last ice age is not present suggesting that
the ice cap might have melted away completely during the Holocene climatic optimum. The
SB® record from the ice core drilled to bedrock at the southem dorne of Hans Tausen Iskappe
in Spring 1995 supports this hypothesis, showing Holocene 818 values right to the bottom
(Hammer, 1995).

Preliminary results

The surface ice sampling programme for S analysis indicates that ice from the ice age
IS not present at the margin of Hans Tausen Iskappe which is supported by the results from
the ice core drilling at the southem dorne (Hammer, 1995). This suggests that the ice cap have
melted away completely during the Holocene climatic optimum. Glacial geological studies to
the north of the ice cap carried out in 1994 (Landvik & Hansen, 1994) and earlier
investigations to the south and west of the ice cap (Weidick, personal communication) shows
that the area adjacent to the present ice cap margin became ice-free after the last ice age about
6000-7000 years ago. Combined with the result that no ice is present from the ice age, this
suggest that Hans Tausen Iskappe became extinct some time after 6000 BP and that the
present ice cap started to build up in the mid-Holocene. This is in contrast to the Canadian
Arctic ice caps at similar high northem latitudes which survived the Holocene climatic
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optimum, thus indicating that the eastem North Greenland is highly sensitive to climate
change.

The present results from mass balance and englacial temperature studies and studies of 5IsO
variations indicate the presence of an efficient warming mechanism probably due to the
development and refreezing of extended slush fields on the ice cap. This heat wave may
propagate to the bottom of the ice and warm up the basal layers of the glacier with the effect
of increasing ice flow velocities and thus enhance the tendency for ice cap deterioration.
Similar but even more pronounced conditions is likely to have occurred during the Holocene
climatic optimum leading to the disintegration of the ice cap.

However, to quantify this conclusion in terms of modelling, the varied processes involved
will require a large effort as regards data analysis, compilation and interpretation as well as
developing and running models for glacier mass balance and thermodynamics.
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Abstract

Mass balance measurements of glaciers in the subarctic areas of Scandinavia
show a different trend than the glaciers of the high arctic area of Svalbard,
European Arctic. Mass balance investigations have been conducted for longer
and shorter periods in a transect from south Norway to Svalbard, from 61°N to
80°N in a sector between 10 °E to 25 °E (Fig.l). The longest continuous mass
balance time series in Norway is from 1948. Since 1963 six glaciers have been
monitored continuously in a profile from west to east in South Norway (61 - 62
°N ). Both winter and summer balance have been measured every year. The
results show a different trend on the western, maritime glaciers than on the more
Continental glaciers 200 km inland during the period 1962 - 1988. In the west the
glaciers have been increasing in volume, while in the east the glaciers had a
decreasing trend up to 1988. In the period from 1989 up till now the conditions
have changed towards more positive net balance for all glaciers. Nigardsbreen
(48 km2 61.5 °N, 7 °E) will be used as an example of the glaciers in south
Norway (Fig. 2). The increase of net balance is mainly because of higher winter
balance with snow precipitation up to 50 % more than the average value. The
volume growth has resulted in a glacier front advance of several outlets from ice
caps in western South Norway.

The main trend for the glaciers in Northern Scandinavia is towards a more
positive net mass balance in the area between 66 °N to 68 °N, mainly due to
higher winter precipitation, a similar tend to what has been observed also in
Southern Norway. On Storglaciaren(68 °N, 18.5 °E) in northem Sweden,
winter, summer and net balance have been measured annually since 1947 (Fig.
3). During this nearly 50 years period 1947 - 1994 the average annual winter
precipitation has shown a clear positive trend and increased about 0.5 m of water
equivalents while the summer ablation has shown a negative trend and decresed
about the same amount, resulting in a change in net balance from negative to
positive value. The recent increase of winter precipitation as observed in
Southern Norway after 1988 can also be seen on Storglaciaren. However,
further north, on Langfjordjokulen at 70 °N, there is no sign of changing trend in
the precipitatation during the last years.

One of the longest continuous mass balance observation series in the Arctic is
from Svalbard archipelago where mass balance measurements were started in
1967 on Brgggerbreen in the north-westem part of the island Spitsbergen (79°
N 12°E). In general no dramatic changes have occured in Svalbard during the
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last 28 years (Fig. 4). The winter accumulation is stable or slightly increasing
with small annual variations. The mean summer ablation is stable with no
significant trend, but with large annual variations. The net balance depends on
area/altitude distribution. Low altitude glaciers are steadily shrinking but with
slightly less negative net balance than 28 years ago. Glaciers with high altitude
accumulation area are close to equilibrium. There is no sign of increased melting
during the observation period.

This abstract is published as a full paper with references in:

Hagen, J. O. 1996. Recent Trends in Mass Balance of Glaciers in Scandinavia
and Svalbard.  Proceedings: International Symposium on Environmental
Research in the Arctic, July 1995, NIPR Tokyo. Special Issue, Memoirs of
National Institute of Polar Research, in print.

Fig. 1. Shaded areas showing main glaciated areas in Scandinavia and Svalbard
where mass balance data exist. The black dots show the location of the three
glaciers used in Figs. 2,3 and 4,
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Fig. 2. Annual mass balance results from Nigardsbreen (48 km2, 61.5 °N, 7 °E)
in South Norway given in specific values (upper) and cumulative net mass
balance (lower) showing the increasing trend since 1989 typical for glaciers in
South Norway.
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Storglaciaren mass balance 1946 - 1993
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Fig. 3. Annual (upper) and cumulative (lower) mass balance results from
Storglaciaren (3.1 km2, 61.9° N 18.6°E), in northem Sweden showing the

1990

change from a stable decreasing glacier to a less decrease and then an increasing

trend since 1989.
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Fig. 4. Annual (upper) and cumulative (lower) mass balance results from
Breggerbreen (6.1 km2, 79° N 12°E), Svalbard showing a stable decreasing ice
mass with no significant change during the last years.
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LATE GLACIAL LAURENTIDE ADVANCE OF ICE
ACROSS HUDSON STRAIT AT YOUNGER DRYAS TIME:
NUMERICAL MODELING OF ADVANCE
OF A CALVING GLACIER TERMINUS

W. T. Pfeffer, J. Dwyer, C. Sassolas; M. Dyurgerov; M. Kaplan; A. Jernrings. Institute of Arctic
and Alpine Research and Department of Geological Sciences, University of Colorado, Boulder CO,
80309-0450; USA.

The discharge of large quantities of glacier ice into the North Atlantic has been suggested as possibly
forcing the cessation of North Atlantic Deep Water formation, and consequently blocking the release
of oceanic heat to the atmosphere in the Atlantic region. Heinrich event H-0 in the North Atlantic and
detritus carbonate event DC-0 in the Labrador Sea are broadly contemporaneous with Younger Dryas
climatic cooling at ca. 11 - 10 ka BP (Andrews et al, 1995). Terrestrial glacial geological
investigations on Southern Baffin Island have clearly delineated the spatial and temporal structure of
two advances of ice across Hudson Strait from Labrador onto Southern Baffin Island between 9.9
and 8.4 ka BP (Kaufman et al, 1993; Manley, 1995). The purpose of the modeling described here is
to determine whether the pattem of advance, retreat, and calving inferred from the terrestrial and
marine geologic records can be reproduced in a numerical model which allows for fairly realistic
treatment of ice flow dynamics, basal sliding, flotation and calving, terrestrial topography, ice
geometry, and mass balance. We use the flux-based 'quasi three-dimensional’ finite element model
developed by Fastook (1989), modified by us to include longitudinal coupling of stresses, floating
ice, and calving. The calculation solves for the time-varying ice height at nodal points in a two-
dimensional horizontal map space.
Ico surfoce. Stable pewilion Meta liicognita/Resoluliori Idond (*MIRr>
- 23xi0® Mass balance is determined
parametrically and can be made to
vary with time, elevation, and
position. The present model
differs from earlier versions in
having higher spatial and temporal
s oxioe resolution and by allowing
floating ice and a wider range of
calving behavior. In addition to
confirming the extent and timing
of glacier advance and retreat, the
model output provides calving
fluxes over time, which can be
compared to ice and water fluxes
believed to be necessary to affect
North Atlantic circulation.

-3.5X10®

Model simulations are conducted
in two phases: 1) initial advance
from a position on
Ungava/Labrador across to Meta
Incognita Peninsula - Resolution
Island (MIRI), and the sili
separating the Eastem and Hatton

s.0x103 Lox10® 13x100 Basins (Figure 1); and 2) advance
from MIRI to Hall Peninsula
(Figure 2). We propose that the
onset of Phase 1 advance

—4.0X10®

Figure 1. Stable advanced position grounded at MIRI after 400 years
model time. Contours show ice surface elevation in meters above modem
sea level.
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Ice surface. Extended position on Hall Peninsula ('Gold Cove’) COfreSpondS to OnS_et Of the
Younger Dryas, starting shortly

before 11 £0.1 *4C ka,'and that
Phase 1 concludes after the arrival
of the ice margin at the stable
position at MIRI. Abrupt
increases in temperature and
precipitation at the termination of
the Younger Dryas drive the onset
of Phase 2 advance. We propose
that Phase 2 advance begins near
10.2 Je&> and that the ELA
rises and mass balance elevation
gradient increases at this time.
Rapid initial advance is driven by
increased accumulation in the
extended lobe over Hudson Strait.
Rapid retreat after the maximum
Gold Cove position occurs as
upstream thinning in response to
advance lowers a large fraction of
the surface of the extended lobe
below the ELA, abruptly
exposing most or all of the lobe to
ablation and forring rapid retreat
Successful Phase 1 advance of ice
Figurs 2. Unstable extended position at Gold Cove maximum past stable ~ across Hudson Strait from an
MIRI position. initial position on
Labrador/Ungava appears to be
determined primarily by the choice of initial geometry as determined by terrestrial geology (Kleman
et al, 1994) and isostatic rebound modeling (Peltier, 1994) as well as by the location of sliding,
while advance from a stable position at MIRI across Frobisher Bay to Hall Peninsula is strongly
dependent on mass balance conditions at the time of the termination of the Younger Dryas.

Phase 1 advance to MIRI occurs in approximately 300-400 years, with the highest calving fluxes
(0.0057 Sv) occuning as ice crosses the deep Eastem Basin. After reaching MIRI, the terminus
stabilizes in shallow water and appears to maintain equilibrium at this position (with consequent
changes in thickness and calving discharge) over a moderate range of reasonable mass balance
values. Phase 1 accumulation above the ELA is derived from Greenland EGIG data (Ohmura, 1993),
while ablation data is derived from Devon.Island mass balance records (IAHS(ICSCI), 1993 and
previous years); accumulation, ablation, and ELA are,adjusted to reflect colder Younger Dyras
conditions. Phase 2 advance is very sensitive to choice of mass balance conditions, and esperially on
the position of the ELA. At present we use mass balance curves based on EGIG line data, GISP2
core data (Alley, 1993) and Devon Ice Cap data, but arrive at ELAs which appear unrealistically
high, and consequently too warm to support advance to the Gold Cove position. We are
investigating alternative mass balance constraints, and also experimenting with mass balance
adjustments which allow advance to Gold Cove and are within the reasonable range of mass balance
which may have occurred immediately following the Younger Dryas.
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Calving flux (Figure 3) attains a maximum value of 0.0057 Sv (106 m3 sec'l) water equivalent as
ice leaves the Ungava platform and enters the Eastem Basin. Experiments with arule which gives a

higher calving flux for a given

Totol eolving fluxes + meltwoter runoff in droinoge bosin vs. time finating ice thickneSS yieldS fl.UXeS

(calving plus ablation runoff) of

0.011 Sv, but also prevents ice

from Crossing Hudson Strait.

Rahmstorf (1995) proposes that

0.015 Sv directed in the Labrador

Sea can shut down Labrador Sea

convection. While further

experiments with a wider range of

calving rules will increase the

reliabihty of the modeled calving

fluxes, we do not see that any

reasonable rule will produce

fluxes as large as 0.06 Sy,

proposed by Rahmstorf as

sufficient to halt North Atlantic

thermohaline circulation.

Nevertheless, the modeled

advance from Labrador/Ungava

. can provide at the right time a

significant fraction of the

proposed ‘ritical’ meltwater/ice

flux required to affect

thermohaline circulation, and may

have been sufficient, taken in

combination with other calving

and runoff fluxes in the Atlantic

Figure 3. Calving flux plus runoff from marine based ice in Hudson Strait ~ Arctic, to have triggered the

for times following onset of advance into Hudson Strait Younger Dryas.
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SPATIAL RESOLUTION OF ICE-SHEET TOPOGRAPHY:
INFLUENCE ON GREENLAND MASS-BALANCE MODELLING

Niels Reeh and Wolfgang Starzer
Dansk Folaraanter /Danmarks og Grznlands Geologiske Udersegelse

INTRODUCTION

Both degree-cay and eergy-balance models for prediictang the surface mass balanoe
of e dests are straygly depedatt on surface eleation. For eamle, nte
degree-day model develloped by Reeh (1990), ekt rates are calaulated fram
parareterizatias of mean arual axd mean July tenperatures eqoressed intarms of
Itk and surface eleation. Hence meltrate estamates depend on the acouracy of
te tooogrghical model of tre 1ce et surfae asvell as on the resolutaan (e
gidgxcim) gplied intre aladation. The higer the resolutian, the more ctails -
e.grarrov, low elevatsd aress wirth relatnely high melt rates —will be reoresnted
intre mocel. Therefare, by using a lov-esolutaan topogrgdhical model of e e
dest arfar, the aurface mass alance will be overestimated, because i melt tads
1o be utbrestinated. The claulation of acounullation s kess affected by tre
resolutaan, because the garerally sroother topography of the accunulation area B
auffiaetdy well represantad even ina lovHesolutaon topogrgphical mockel.

Ancther source of emar N comection with estinatag ice-gestmass kalane B
related 1o tre feet tret gd-calll aress are often measured Ina plare mgp. Honever,
map projectias ae ngeral ot asa e, This means teteg a0 by 20
kiloretre gid call ntte map rgaesats an area of the gldoe which sdifflaat
Trom 400 snare kiloetres (D tames 20 egals 400).

In this pgoer, the enars introcbced N surface mass balance calaulatias caused by
the disoete reoresatation of the iIeegeet surface topography and the map
projecticn willl be disassd. It sshown et tre enars may be up ©20% far
recatly gplied models of tte Greenlad e deet (g HybredTts etd. 1991, van
de Wal ad Bkholm, nnpes). Brors of this orter of megnitude are pracebly il
small as compared o aras aisiy fron tre utertainty of the parareters used ©
cesorie model gysics (g degree-day fectars in degree-day modells and alllbscb in
eneryy balance nockls). Honever, this does not pustafy errars thet can be avoided.

MAP PROJECTION
In the tooogrgthical model of the Greenlland 12 deet used by Haybrednts etd.,
1901, tre ieegdest aufae was givenon a 20 km by 20 km grad goreed over a
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polar-stereographic map projection with standard parallel at 71’N, see figure 1. It
appears from the figure that north of the standard parallel, areas in the projection are
smaller than the corresponding areas on the Earth, whereas south of the standard
parallel areas in the projection are larger than the corresponding areas on the Earth.

Figure 1. Polar-stereographic projection.

Using a spherical representation of the Earth with radius R, map coordinates (east-
west coordinate x and south-north coordinate y) are calculated as follows:

x =2 R k. tan(45 - 0.5B) sin(L - L.) (2)

and y = -2 R k. tan(45 - 0.5B) cos(L - L,,) (2)
where k = 0.5 (1 + sin(Bg)), B = latitude, L = longitude.
Huybrechts et al. (1991) used R = 6371.225 km, Bg¢= 71°" and L. = -44°E.

Area elements in the map projection, respectively on the sphere, are:

Projection: dAp = dx dy
Sphere: dAj = R2dB dL cos(B) )

By means of the equations of projection (1) and (2), the area factor Fs= dA/Da,, is
determined as

Fs= cos(B) (1 + sin(B))32/ (4 k.2 (L - sin(B))12. @
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Consequently, the contribution to the surface mass balance AM from a rectangular
grid cell in the map with side lengths dx and dy and specific mean mass balance mb

IS

AM = Fsdx dy mb.

Figure 2. Ellipsoidal Earth model.
A better approximation is to use an ellipsoid in stead of a sphere to represent the
shape of the Earth (figure 2). For this Earth model, the radii of curvature of a
parallel and a meridian are given by the expressions
rp= a cos(B)/(l - (e sin(B))2 12 5)
rm=a (1-e2/(1 - (e sin(B))23R (6)

where a is the half major axis of the ellipsoid (see figure 2) and e is the
eccentricity.

An area element of the ellipsoidal Earth is given by
Da,=r, 1, Db DI
which, by means of equation (3), can be rewritten as

Dae= Dasrmr,/(R2 cos(B)) .
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By means of eqatias @), ©), ad ©), tte area fadar Fe- Dag/Dep Tor the
ellisouchl Earth can trerefare be wrtien

Fe= @QR )P @5@) (L + SE)R/
@ -sn®)2) (H1 - EINB)D @

Exarples ofvalues of tre ellisoical Earth parareters are given below:
Hayford (19249) WGS84

a 6378.388 km 6378.137 km
e2 0.006/72 267 0.00630 438

Polar-stereographic projection; Area factor F=dAJdAp

Latitude (N)

Figure 3. Areafactorfor conversion ofareas measured in a polar-stereographic
map projection.

Figure 3 shons the area fedars of tre gdenical ad dlysocil Earth rqoresatatias
\verss lrtuck far aress measured intie polarsterecgrgdhic map projectaan ginven by
equatas () ad @). For tre ellysoichl Earth rgressntataian, Hayfords vallues of
the Earth parareters are usd. Honever, using WGS94 values willl not dhange the
area fador sigwhcantly. itgears, tat faor tre Itk rage of Greenlland (60N -
&N), tre erar introduosd by using map aress rsteed of aress on the Earth ranges
fran an oerestimatian of 7 - 8% at 60°N 1o an utkrestinataan of 5 - 6% at 84°N.
These valuss goly 1o the gcrfic map projectaan gnven by eqatias (D) ad @).- A
differat map projectaan, will reuire area correction fadtors dirfferat from those
showmn infigure 3.
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ICE-SHEET TOPOGRAPHY

The infAluace of Ieegest topograay and its resolutaan on Greenland mess-alance
Glalatios s studied by camparing the results of surface mess-Halance calailatios
using diffferent rqaresantatias of the surface topograay. The mess-ballance mocel
used Bhased on the degree-day model develgoed by Reeh (1991). Accumullation
rates are based on the digitization on a 20 kilaretre griid (Hyoredits et d., 19910)
of tremap published by Ohmura and Reeh (1990). In calaulatios with a firer grid
seecing then 20 kilovetres, acoumulation rates are interpolated from this diliaset. As
rotdced by van de Wal (npess), dligdy differat terperature parareterizatias
and sts of model parareters were used intre reltvate calaulatias by Reeh (1991)
and Hiybredhts etd. (1991). For dll alalatios presated intre followirg, tre
teperature parareterizatias and the doice ofmodel pararetars are aacal ©
what sused by Hybredhts etd. (1990), i< dl aladatias are performed with e
same mess-ballance mocel .

Three differet togpogrghical besss of tte e dect are carpared:

D The EMI model as presmited by Letreguillly et d. (1991) on a 20 by 20 kiloetre
gd kd aut over tre polarsterecyrghhic map projectaan given by equatias () ad
@ doe. The sufae eleatias have been determined fram data dotained by
radio-edo souding fligits udkertaken by Electraregetic Irstatuie @),
Tedmical University of Dermark.

2) The KMS1 model as anpilled by S. Bkholm, Kort- og Matrkelstyrelssn (KWS),
Denmark (Tscheming etd., 1993) given on a grid in geogrgdhical coordinates wirth
a resolution of 5” and 10” n latatuck and lagrtuck directios, regectinely, whilch
corresoads 1o a grid resoluaan of gopraxanately 10 km inmnorth-southand 3109
km nesst-west directios. The model kesis EGEOSAT saiite racker altmetry
cHia, airbane radar altrretry and photogrametric and manual map scamirng.

) The KMS2 model also anpiled by S. Ekholm (Bdolm, npress) gvenona
orid n geogrgchical coordinates wirth a resoluian of 1.2° and 37 in laatuce ad
lagrtuck directios, regectnely, which correspods to a grid resoluaan of
gooraxdimetely 25 km mnnorth-south and 1 3 km in esst=west directaas. The
model esis stte sane as Tar KMS1  ut supplemented with ERS1 satellite reckr—

altretry and airbore lesar—altnetry cia.

The mean acouracy of tte e Sest eleatias of te KMS2 model isestinated o
be 1213 m (Edolm, npes). For te KMS 1-4mockl, enas intte marginal zore of
te e 9t are prasebly of the order of 75-100m (ven de Wal and Bdolm, n
[ress), wheress tre enrars of e EMI frodel in gareral coulld be as high as 100-200
netre.
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The results of surface mass balance calculations for the total Greenland ice sheets
with the different topographical models are compared in Table 1

Tabte 1 Area (km2 and mass balance (km3 of ice/year) of the Greenland ice sheet.

Column number 1 2 3 4 5 6

Topography model KMS2 KMS2 KMS2 KMS2 KMS1 ~ EMI(XY)
Resolution (data) 123 1.293 1.2*3’ 1.2*3’ *5 10 20km*20km
Resolution (applied) 1.2'*3’ 1.2'*3"  3.6*3.6km 3.6*3.6km 3.2*3.2km 20km*20km
Planet reference WGS84 Hayford Hayford ool S

Map projection Sanson-Flamsteed Pol. St Pol. St. Pol. St. ol. St
Area correction yes no no no
Ice sheet area 1707038 1707201 1707404 1685580 1698435 1670 000
Accumulation 601.8 602.1 603.2 614.6 599.3
RunLén‘fu | 304.1 304.1 304.3 263.9 309.2
Surface balance 297.7 298.0 298.9 350.7 290.1
Reference @) @ @ @ ® @

1. Weng (1995), 2. Ekholm (in press), 3. Tscheming et al. (1993), 4. Létreguilly et
al. (1991)

Column 6 displays the results obtained by using the EMI model which is "bom" on
a polarstereographic map projection using a 20 by 20 km resolution. This results in
an ice sheet area of 1,670,000 km2 an accumulation of 599.3 km3 of ice/year, a
runoff of 309.2 km3 of ice/year, and consequently a surface balance of 290.1 km3 of
ice/year, which on the assumption of a balanced ice-sheet budget corresponds to the
loss by iceberg calving. These numbers differ from the results obtained with the
same topographical model by Huybrechts at al. (1991), who calculated runoff and
surface balance as 281.7 km3 of ice/year and 317.6 km3 of ice/year, respectively.
However, the Huybrechts et al. results are erroneous because an inaccurate
numerical integration procedure was used for calculating the number of positive
degree days.

Column 5 presents results based on the KMS1 model. In order to be able to more
directly compare the results obtained with this model to those of the EMI model, the
5°*10’ resolution grid points are projected on a map by means of the polar-
stereographic map projection (equations (1) and (2)). Surface elevations are then
interpolated in a 3.2*3.2 km grid on the map, which is a somewhat better resolution
than that of the original data set. Compared to the EMI model, the ice-sheet area is
increased by about 1.7%, the accumulation has increased by 2.6%, whereas the
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runoff has decreased by 14.7%. The decrease of the runoff in a higher resolution
model disagrees with the expectation that inclusion of more low elevated areas with
relatively large runoff in a higher resolution model should yield an increased runoff.
As shown by van de Wal and Ekholm (in press), the explanation of the decreased
runoff in the KMS1 model is found in the different topographical bases of the EMI
and KMS models. The EMI model generally underestimates surface elevations near
the ice margins, and the decrease of the calculated runoff resulting from using the
higher, more correct ice margin elevations of the KMS1 model ovemiles the
expected increase due to the higher resolution of the KMS1 model. That higher
resolution actually results in an increased estimate of the runoff, is illustrated in
column 4 of Table 1, showing results of a calculation using the high resolution
KMS2 model. Again, in order to be able to directly compare the results obtained
with this topographical model to those of the previous models, the 1.2> * 3’
resolution grid points are projected on to a map by means of the polar-stereographic
map projection. Surface elevations are then interpolated in a 3.6*3.6 km grid on the
map which is a slightly lower resolution than that of the original data set. Compared
to the KMS1 model, the ice sheet area is decreased by 0.8%, the accumulation is
decreased by 1.5%, whereas the runoff is increased by 40.4 km3of ice/year, i.e. by
15.3%.

In figure 4, the mass-balance elevation relationship for the Greenland ice sheet as
calculated by the KMS1 and KMS2 models are compared. Above 800 metre
elevation, differences are insignificant. However, the lower the elevation, the larger
the difference. This clearly illustrates that the increased runoff, and consequently the
decreased surface mass balance calculated with the KMS2 model is due to a better
representation of the low elevated areas near the ice sheet margin.

In the calculations described so far, correction for measuring areas in a plane map in
stead of on the real Earth surface has been neglected. This correction has been
applied in connection with the results shown in column 3 by using correction factors
for the ellipsoidal Earth as given by equation (7). The effect of applying correction
factors is to increase the ice sheet area by 1.3%, whereas the effect on accumulation
and runoff is negligible. The increase of the ice-sheet area is due to the pronounced
non-uniform latitudinal distribution of the ice-sheet area, with relatively large areas
located at high latitudes, where the area factor is greater than 1. The increase of area
in the northem part, therefore overrules the decrease at low latitudes where the area
factor is smaller than 1. That the effect on the mass-balance values is insignificant is
due to the faet that also accumulation rate and runoff have non-uniform latitudinal
distributions, however with opposite trends as compared to the area distribution, so
that the opposite effeets of the non-uniform distributions cancel out in the mass-
balance calculations.
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Greenland ice sheet

Figure 4. Distribution with elevation of the surface mass balance ofthe Greenland
ice sheet as calcultedfrom th4e KMS1 and KMS2 models.

Column 2 displays results of a calculation based on the original KMS2 model data
as given on the 1.2°*3’ resolution grid in geographical coordinates. These results
deviate only insignificantly from the results of the previous column, thus confirming
that errors have not been introduced by subjecting the data set to polar-stereographic
projection, interpolation and area correction. Finally, in column 1, the ice-sheet area
determined by KMS (Weng, 1995) is presented. It appears that, our results with the
KMS2 model agrees very well with the result obtained with the same model by
KMS.

CONCLUSION

It is a bit frustrating to have to conclude, that introducing a generally better model
ofthe surface topography and increasing the model resolution by a factor of c. 100
has resulted in very small changes of the estimates of accumulation rate, runoff and
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ICE-SHEET TOPOGRAPHY

The influence of ice-sheet topography and its resolution on Greenland mass-balance
calculations is studied by comparing the results of surface mass-balance calculations
using different representations of the surface topography. The mass-balance model
used is based on the degree-day model developed by Reeh (1991). Accumulation
rates are based on the digitization on a 20 kilometre grid (Huybrechts et al., 1991)
of the map published by Ohmura and Reeh (1990). In calculations with a finer grid
spacing than 20 kilometres, accumulation rates are interpolated from this dataset. As
noticed by van de Wal (in press), slightly different temperature parameterizations
and sets of model parameters were used in the melt-rate calculations by Reeh (1991)
and Huybrechts et al. (1991). For all calculations presented in the following, the
temperature parameterizations and the choice of model parameters are identical to
what is used by Huybrechts et al. (1991), i.e. all calculations are performed with the
same mass-balance model.

Three different topographical bases of the ice sheet are compared:

1) The EMI model as presented by Letréguilly et al. (1991) on a 20 by 20 kilometre
grid laid out over the polarstereographic map projection given by equations (1) and
(2) above. The surface elevations have been determined from data obtained by
radio-echo sounding flights undertaken by Electromagnetic Institute (EMI),
Technical University of Denmark.

2) The KMS1 model as compiled by S. Ekholm, Kort- og Matrikelstyrelsen (KMS),
Denmark (Tscheming et al., 1993) given on a grid in geographical coordinates with
a resolution of 5’ and 10’ in latitude and longitude directions, respectively, which
corresponds to a grid resolution of approximately 10 km in north-south and 3 to 9
km in east-west directions. The model basis is GEOSAT satellite radar altimetry
data, airbome radar altimetry and photogrammetric and manual map scanning.

3) The KMS2 model also compiled by S. Ekholm (Ekholm, in press) given on a
grid in geographical coordinates with a resolution of 1.2 and 3’ in latitude and
longitude directions, respectively, which corresponds to a grid resolution of
approximately 2.5 km in north-south and 1 to 3 km in east-west directions. The
model basis is the same as for KMS1 but supplemented with ERS1 satellite radar-
altimetry and airbome laser-altimetry data.

The mean accuracy of the ice sheet elevations of the KMS2 model is estimated to

be 12-13 m (Ekholm, in press). For the KMS 1-model, errors in the marginal zone of
the ice sheet are probably of the order of 75-100m (van de Wal and Ekholm, in
press), whereas the errors of the EMI model in general could be as high as 100-200
metre.
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