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1 INTRODUCTION
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This report outlines first attempts to map the sea ice thickness in the Davis Strait, Offshore Western Greenland. The aim was to obtain quantitative data on sea ice thickness used for evaluating the ice thickness regimes for further evaluating the need for dimensioning possible offshore oil and drilling facilities for oil and gas. 
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Figure 2. The Twin Otter used for the Davis Strait airborne sea ice thickness measurements. Left: preparing for departure; Right: cabin interior with ferry tank and racks for laser and an ESA radar (not used here).

The experiment took place in April 2006 using an Air Greenland Twin Otter carrying an airborne laser scanning system, coincident with a helicopter-supported ground truth sea ice thickness drilling program along the northernmost flight line. The project was carried out on contract to GEUS (Geological Survey of Denmark and Greenland), and financed by the Greenland Bureau of Minerals and Petroleum (Råstofdirektoratet), Greenland Home Rule Government. 

The thickness of sea ice is a quantity that is very difficult to measure by remote sensing, either from satellite or aircraft. In the Arctic Ocean some success has been obtained by radar satellite altimetry measurements of freeboard heights (fraction of ice extending above the ocean surface, which may be converted to ice thickness by an approximate conversion factor), but the satellite measurements only work on resolution scales 50−100 km [Laxon et al., 2003]. With the upcoming launch of the CryoSat-2 satellite in 2009, new radar technology may lower this resolution to a few kilometres. The main problem of the radar satellite remote sensing is the large footprint, making measurement of small features like ice ridges or leads impossible.

The Danish National Space Center has since 1998 developed and flown an airborne laser altimeter system, capable of resolving the fine details of the ice freeboard, and thus make detailed ice thickness measurements at a resolution of a few metres (Hvidegaard and Forsberg, 2002). Since 2001 we have used a scanning laser system, capable of making a swath of laser measurements approximately equal in width to the flight elevation (Forsberg et al., 2001). Precise positioning of the aircraft is done by kinematic GPS, and the aircraft attitude (pitch, roll, and heading) determined by an inertial navigation system. 

The laser scanner system measures the detailed topography of the sea ice at a 1 m resolution at a relative accuracy in height of less than 5 cm (the absolute long-wavelength accuracy is approximately 20−30 cm, depending on kinematic GPS conditions and distance to the nearest GPS reference stations). The basic principle of the sea ice thickness determination is to measure the freeboard height of the sea ice (Figure 3), from which the thickness is inferred by an empirical constant “k”, modelled by climatological models (e.g. Warren, 1999) or fitted to empirical in-situ data. The k-factor is usually varying between 5.5 and 6.5, strongly dependent on snow load. More details are given in the sequel.
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Figure 3. The key dimension is the freeboard height, F which is derived from airborne measurements of the height, h above the GPS reference ellipsoid and using a model of the geoid N, derived from a combination of local gravity and satellite measurements. 

2 THE ‘WEST ICE’ CAMPAIGN OFFSHORE DISKO/NUUSSUAQ, APRIL 2006

The basic objectives of the April 2006 DNSC-GEUS sea ice airborne and surface field operations were:

1) To measure sea ice thickness and ridging in 300 m wide swath along 4 lines offshore Disko/Nuussuaq, West Greenland, with the DNSC Twin Otter laser scanner measurement system.

2) To calibrate and check the airborne observations by in-situ drillings on the northern line using a helicopter, especially to confirm the used k-factors.

The observation lines were selected as east-west lines with 1 degree spacing, along the latitudes 68 to 71(N, in order to cover the relevant area for oil and gas exploration. Figure 4 shows the flight planning waypoints, with the four main lines (V1−V2, V3−V4, V5−V6 and V7−V8), as well as the intended helicopter landing positions (V10−V17). The helicopter landing sites were placed on the northern-most line where the best sea ice conditions for the helicopter were expected based on sea ice charts from the Danish Meteorological Institute, DMI. An example of a sea ice chart of the area from April 19th is found in Figure 5.
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Figure 4. Planned flight tracks (V1−V4 and V5−V6) and helicopter landing sites (V10−V17). Airports to be used were SFJ (Kangerlussuaq/Søndre Strømfjord) and JQA (Qaarsut, near Uummannaq).
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Figure 5. The ice map of the area prior to the survey. The cross-hatched area is solid ice with a concentration of more than 9/10. The area is dominated by a solid pack ice except near the Disko island (Centre right of chart). © DMI.

Figure 6. Example of sea ice conditions from along the helicopter flight track V5–V6 showing open leads and ridges.
The sea ice field work was carried out in the period April 20th to April 27th 2006 with Twin Otter flights on April 21st, 24th, and 26th. The last flight was coordinated with helicopter landings on the sea ice at 5 sites. The Twin Otter flights were fitted in to a larger ESA CryoSat Validation Experiment running from April 18th to May 18th and the ground and helicopter work were coordinated with local GPS and tide gauge observations near Uummannaq.

Two field teams were involved: An airborne team consisting of Lars Stenseng and Sine M. Hvidegaard, DNSC, and a ground team consisting of Rene Forsberg and Susanne Hanson, DNSC and Finn Dahlhoff, GEUS. The Twin Otter operations were based in Kangerlussuaq and Qaasut, while the helicopter operations were based in Uummannaq as the helicopter is based there.

The first days of the operations suffered from strong winds in the Qaarsut/Uummannaq area, followed by fog and low clouds near the coast. These weather conditions delayed the coordinated Twin Otter and helicopter operations until an additional helicopter charter could be arranged on April 26th. Prior to this, the full Twin Otter flight program was carried out on April 21st and 24th, as the availability of the helicopter was still uncertain at the time, and the airplane had to initiate a major coordinated ESA program on the Greenland ice sheet subsequently. 

An overview of the fieldwork days is given below, and a detailed day-to-day description of the ground operations is found in Appendix 1. A visual satellite image of the ice and cloud conditions is seen in Figure 7. Generally the weather was satisfactory for flights in the coastal region, but clouds and fog further out over the open water between land and sea ice made the decision for take off of the helicopter challenging.

“West Ice” field operations:

April 21 – JD111: Twin Otter flight from Kangerlussuaq to Qaarsut, laser scanner survey of the two southern lines (V1−V4). Awaiting suitable weather conditions for helicopter operations – no helicopter flights possible due to bad weather.

April 22−23: Awaiting better weather conditions at Qaarsut airport.

April 24 – JD114: Laser scanner survey of northern two lines (V5−V8). Twin Otter returns to Kangerlussuaq due to other campaign commitments – no helicopter operations were possible due to bad weather.

April 26 – JD116: Twin Otter re-flight of northern line (part of V5−V6) with helicopter validation, and a new helicopter pilot. A fuel cache for the helicopter was placed at the outermost tip of Nuussuaq. Helicopter landings were made at V10, V11, V13, V14, and V15. The Twin Otter was after the line diverted to a medical evacuation at T12 on the Greenland ice sheet.
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Figure 7. MODIS satellite images of survey area from April 18 2006. Disko and Nuussuaq seen in middle right part of picture. Courtesy of Leif Toudal, DTU.
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Figure 8. Fieldwork on the West Ice.

3 PROCESSING OF THE LASER OBSERVATIONS
The DNSC Twin Otter based laser scanner system observes the surface elevation by measuring the distance from the aircraft to the surface with laser altimetry knowing the aircraft position and attitude. The aircraft is positioned with precise geodetic GPS observations relative to base stations on ground; typically at or near airfields. The attitude is determined with the use of gyros and accelerometers in an onboard inertial navigation system, INS.

For sea ice the parameter of interest is the surface elevation relative to the sea surface, the freeboard. From the freeboard data, the sea ice thickness can be derived assuming isostatic equilibrium between the ice floes and the surrounding seawater. This assumption results in a ratio between freeboard and thickness, which either can be estimated from climatological data of ice, snow, and water densities and snow depth or be determined from in-situ sea ice observations. This can be summarized in an observation equation as:

T = k * F     




(1)

with 

F = hGPS − Dlaser − N − ∆h




(2)

where the letters has the meaning

T: Sea ice thickness (including snow cover)

F: Freeboard (including snow cover)

k: Ratio between thickness and freeboard from assumption of isostatic equilibrium

hGPS: Aircraft height from GPS relative to the ellipsoid
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Dlaser: Laser scanner distance observation

N: Geoid height (height of the undisturbed ocean surface in ellipsoid height system)
∆h: Measurement errors, geoid errors and ocean dynamic topography (mean + tides)

To offset the residual errors, ∆h a lowest-level filtering algorithm is used, taking advantage of open or thin-ice leads in the laser data scanner set to fit a “lowest-level” surface to the measurement. This “lowest-level” filtering is done by optimal estimation (least squares collocation), but is in the relatively thin ice of the Davis Strait an avenue of systematic errors in the sea ice thickness determination (with typical freeboards in the Davis Strait of only 20–30 cm, and a 5 cm measurement errors, there is a potential risk of overestimating the ice thickness by 15–20% by this method).

The details of the DNSC hardware used in the aircraft are given below:

Laser scanner: LMS-Q140i, manufactured by Riegl, Austria, operating a 900 nm with a single shot accuracy of 5 cm. The instrument measures in a swath across the flight direction with a scan angle of 60 degrees corresponding to approximately 300 metres on ground at the nominal flight altitude of 300 m.

GPS: Geodetic receivers (2 Trimble, 1 Ashtech, and 1 Javad) with antennas on top of the aircraft measuring at a rate of 1 Hz. This kinematic GPS data is post-processed relative to ground base stations at Kangerlussuaq and Uummannaq and tied to a global reference system.

Inertial navigation system: Honeywell H764G integrated GPS/INS instrument, used for the attitude (pitch, roll, and heading) of the aircraft.

Auxiliary equipment: 

- A downward looking web-camera – not functioning during all flights.

- The ASIRAS radar system: A 13 GHz interferometric radar altimeter (ESA CryoSat type radar). This radar was tested during the flights to be used for the succeeding CryoSat validation experiment following these sea ice flights.

- An Optech profiling laser altimeter. Mounted next to the laser scanner as a backup system.

The instrument installation in the Twin Otter is sketched in Figure 9, and Figure 10 shows a data example of the processed freeboard heights at full resolution, showing all the details available with the laser system.
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Figure 9. Sketch of the instrument installation in the Air Greenland Twin Otter (reg. OY-POF)
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Figure 10. Example of detailed freeboards. Line V5−V6 (April 26). Length of section approx 19 km.
4 IN-SITU GROUND TRUTH DATA OF SEA ICE THICKNESS
The ground truth data were obtained on April 26th from 5 helicopter landing sites (V10−V17) on the sea ice west of Nuussuaq (see Figure 4). The observations are shown in Table 1.

As the sea ice map from DMI indicates (Figure 5), a belt with thin broken ice, smaller icebergs and nilas, were first encountered, but as the first GPS point (V1) was approached the ice grew thicker and more stable for landing the Bell 212 helicopter. The procedure arranged with the pilot prior to departure was that when the helicopter landed on the ice, the drill operators would run out, just in front of the helicopter, drill the first hole used a powered auger, and sign the thickness of the ice to the pilot. If the ice was more than 50 cm the pilot would then zero the rotor pitch, otherwise the helicopter would have full pitch for safety reasons, implying the use of a lot of fuel while the ice drilling was done (it was attempted to do 3−4 measurements at each landing to get a more reliable average value). 

The helicopter was navigating by the cockpit GPS, but due to a pilot error in coordinate entering, the helicopter pilot followed a track that was 2–300 m south of the planned GPS track line that the Twin Otter flew. Luckily the width of the laser scan allowed some overlap with the ground positions. At point V15 the Twin Otter passed right overhead after visual identification by the Twin Otter pilots. At V10, the innermost point, and at V15, the outermost point, GPS buoys of the type “METOCEAN” were drilled into the ice, to provide ice velocities to compare with subsequent remote sensing. 

[image: image8.jpg]


[image: image9.png]




Figure 11. Deployment of METOCEAN buoy and plot of ice drift 26th of April – 1st of June 2006
The helicopter operation in the West Ice was challenging from a fuel point of view, and the outermost survey point had to be cancelled. The landing after the operation at the fuel depot established at Nuussuaq for the occasion, showed fuel leftover for 10 minutes more flying. This illustrates the limitation of helicopter operations, in contrast to the Twin Otter profiling of sea ice thickness, which can cover large areas and is less dependent on the weather. Table 1 below summarizes the in-situ work. The results give a local ratio k-factor ratio between T and F of k = 6.1; this k-factor matched closely the expected value from modelling.

Table 1. In-situ sea ice observations of April 26, 2006.

	Pt ID
	Lat
	Lon
	Hole no.
	Snow Depth

(cm)
	Ice thickness

(cm)
	Ice free-board

(cm)
	Comments

	V10
	71 01.508
	56 17.414
	1
	10
	60
	4
	GPS #1 buoy deployed

 (MET-OCEAN ICEB-TUBE04-201)

	
	
	
	2
	10
	48
	5
	

	
	
	
	3
	2
	45
	2
	

	
	
	
	4
	8
	59
	2
	

	V11
	71 01.508
	56 33.293
	1
	1
	31
	1
	

	
	
	
	2
	5
	40
	1
	

	
	
	
	3
	2
	35
	1
	

	
	
	
	4
	3
	22
	2
	

	V12
	-
	-
	-
	-
	-
	-
	Time and fuel constraints

	V13
	71 01.787
	57 06.768
	1
	9
	140
	7
	

	
	
	
	2
	14
	124
	2
	

	
	
	
	3
	16
	59
	10
	On a different floe than others

	
	
	
	4
	13
	42
	1
	

	V14
	71 01.631
	57 22.651
	1
	14
	40
	0
	

	
	
	
	2
	0
	40
	2
	

	
	
	
	3
	7
	39
	0.5
	

	
	
	
	4
	3
	60
	6
	

	V15
	71 01.837
	57 38.513
	1
	2
	98
	4
	GPS buoy #2 deployed

	
	
	
	2
	9
	105
	4
	Twin Otter pass over

	
	
	
	3
	12
	102
	2
	

	
	
	
	4
	9
	101
	4
	

	V16
	-
	-
	-
	-
	-
	-
	Time and fuel constraint


5 AIRBORNE LASER SCANNER DATA

The airborne laser scanner data were obtained on the 3 flights described in Section 2. The flight tracks are shown in Figure 12. Together with the laser data, GPS and INS observations were obtained along with some digital video and photographs. All data were stored in PCs or, valid for the GPS, directly in the receivers and downloaded to hard discs and CD-ROM’s after the surveys. Table 2 summarizes the data collected on the Twin Otter and Table 3 lists the specific laser scanner files named by their start time.

The laser scanner instrument installation has been calibrated over a building in Kangerlussuaq. Inaccuracies in the roll direction have the largest effect on the data quality and possible offsets in this direction have been checked and small adjustments made for each flight.


[image: image10]
Figure 12. Flight tracks of Twin Otter survey flights on the dates April 21st (southern 2 lines), April 24th, (northern 2 lines), and April 26th (coincident survey with helicopter landings on the sea ice − northern most line, right half). Annotations are time of day in decimal hours.

The specific steps of the data processing are:

- The 1 Hz kinematic GPS observations have been processed relative to ground base references in Kangerlussuaq and Qaarsut with Trimble’s GPSurvey software. The base station positions are determined using SCOUT (http://sopac.ucsd.edu/) and tied to a global ITRF 2000 reference system.

- The GPS solutions are combined with high frequency (40 Hz) INS accelerometer and gyro information to determine the instrument attitude as pitch, roll and heading angles.

The position and attitude information is used to transform the laser range measurements to surface elevations.

- 
From the surface elevations freeboard and then ice thickness information can be found by filtering and using the k-factor from the in-situ ground observations as described in Section 3.

This procedure has been followed to analyse the data from all flight lines and the results will be presented in the next section. 

Table 2. Airborne data acquired by DNSC from April 20th – April 26th 2006.

	JD/Date
	AIR1
	AIR2
	AIR3
	AIR4
	EGI
	SCAN
	GPS

REF1
	GPS

REF2
	web

cam
	REMARKS

	110/Apr 20 
	X
	X
	X
	N/A
	X’
	X
	SFJ1
	
	(X)
	Test flight, webcam PC stopped half way

	111/Apr 21 
	X
	X
	X
	X
	X
	X
	SFJ1
	
	N/A
	Webcam PC error

	113/Apr 23 
	X
	X
	X
	X
	X
	X
	JQA1
	
	X
	

	114/Apr 24 
	X
	X
	X
	X
	X
	(X)
	UMD1
	
	X
	1 hr side-looking video

	115/Apr 25 
	X
	X
	X
	X
	X
	X
	SFJ1
	UK2
	X
	EGI logging started late

	116/Apr 26
	X
	X
	X
	X
	X
	X
	KELI
	NIA
	X
	no data in 2 scanner files


‘ EGI file errors when read by READEGI, output to screen OK

Table 3. Laser scanner files.

	JD/Date
	File name
	2dd format
	Start

(dechr)
	Stop

(dechr)
	Comments

	110 20/4-06
	184530.2dd
	X
	18.760840
	19.483950
	Scan missing(each 10-40)

	111 21/4-06
	111530.2dd

120600.2dd

130130.2dd

133400.2dd
	X

X

X

X
	11.258335

12.100001

13.025007

13.566669
	11.384583

13.007563

13.551934

14.932408
	Scans missing each 40 line approx.

	113 23/4-06
	223500.2dd

231800.2dd

001130.2dd
	X

X

X
	22.583340

23.300004

00.191668
	23.282623

00.175676

01.124059
	Same

	114 24/4-06
	173030.2dd

183030.2dd

192630.2dd

202500.2dd
	X

X

X

X
	17.508333

18.508333

19.441673

20.416670
	18.498814

19.430473

20.402421

21.071510
	Same

	115 25/4-06
	121000.2dd

131130.2dd

135530.2dd

144600.2dd

154530.2dd

165430.2dd
	X

X

X

X

X

X
	12.166669

13.191670

13.925001

14.766673

15.758338

16.908335
	13.178247

13.915370

14.755536

15.742513

16.893572

17.790917
	Still scans missing



	116 26/4-06
	161130.2dd

170430.2dd

184900.2dd

195130.2dd

204630.2dd

210900.2dd
	X

X

X

X

X

X
	16.191669

17.075005

18.816671

19.858335

20.775000

21.150003
	17.063527

17.075660

18.817555

20.763953

21.047358

21.421910
	Scans missing

No data recorded

No data recorded
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Figure 13. Examples of laser scanner swath data. The swath shows colour-coded sea ice thickness data including the snow depth on top of the ice from the southern line − approx 3 km section. Numerous thick floes and ridges are present. Sea ice thickness swath from the northern line − approx 2 km section. V10 is one of the helicopter drill site positions. The top figure shows thick ice with ridging and the bottom figure is an example of thinner ice nearer the coast and some open water (no laser return except for the central part of the scan due to specular reflections)
6 RESULTS

All flight lines have been analysed as described in the previous section. Sea ice thickness (including snow depth) is derived for all straight lines excluding open water near the coast and parts with fog/low clouds. Figure 13 shows examples of the routinely processed laser scanning data (sub-sampled to 5 x 5 m resolution)
The full data set of along track averaged sea ice thickness and statistics of the data is found in Figure 14. The survey area is characterised by thick deformed ice to the west and thinner more level ice closer to the Greenland west coast. This has also been confirmed by visual observations during the flights (see photos) and by the in-situ data.
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Figure 14. Measured ice thickness from the laser flights. Coloured bars indicate sea ice thickness in meter.
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Figure 15. Histograms of the ice thickness along the E-W lines. The tails on the distributions are mainly due to ridges. 

The comparison of the airborne laser measurements and the in-situ drilling at the coincident points is illustrated in Figure 16.
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Figure 16. Comparison of sea ice thickness form drillings and airborne laser scanning.

Figure 17. Details of laser scanner swath near helicopter landing site V10.
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The average of the drillings for each helicopter site has been compared to an area average of the laser swath data near the drilling sites (40 by 40 m), for an example see Figure 17. An uncertainty is inherent in this method caused by the fact that the drilling typically have been done on level parts of the floes, whereas the laser swath data covers all ice in the selected area, including ridges and hummocks. This, together with errors induced by filtering and conversion from freeboard to thickness are the main uncertainties related to the data, but altogether the differences seen from the comparison are all within the expected accuracy, which we estimate to be 20–30 cm for the airborne system, with a risk of a positive bias due to the inherent lowest-level filtering (removal of such possible bias requires further research).

Figure 18 shows the overall ice thickness results, averaged over blocks of 2 degrees in longitude. Also shown is the percentage of ice thicker than 80 cm for each block.
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Figure 18. The overall ice thickness result is shown, averaged over blocks of 2( in longitude. Each block also shows the percentage of ice thicker than 80 cm.

7 CONCLUSIONS

The airborne measurement of sea ice in the Davis Strait west of Nuussuaq and Disko was successful, in spite of some problems with the weather and helicopter scheduling, necessitating an extra Twin Otter flight. 

The results from the laser scanning show that in April 2006 the ice thickness in the region was relatively thick, with an average value around 1.2 m in the heavy pack ice (concentrations > 9/10). More than 70 % of the ice was above 80 cm. The thick ice is due to ridges and likely also to some degree rafting of ice floes, in effect doubling the thickness.

The in-situ measurements showed a somewhat lower average ice thickness, albeit with a large variability (60–120 cm). The lesser ice thickness of the in-situ drillings is likely due to the fact that only level floes were sampled, not the ridges, but also that the airborne laser system has a risk of biased results due to the inherent lowest-level filtering method used. While such a bias – typically 5–10 cm in the freeboard - has little influence in the thick multi-year ice of the Arctic Ocean, for which the method was originally developed, it is a major error source when monitoring the relatively thin first-year ice of the Davis Strait.

To our knowledge this is the first time such a coordinated Twin Otter and helicopter experiment has been carried out, and with some further development the airborne laser method has the potential to routinely monitor the sea ice thickness in the Baffin Bay and Davis Strait, e.g. on a yearly basis in connection with future oil and gas exploration and production activities.

References

Laxon, S. W., H. Peakock, and D. Smith, High interannual variability of sea ice thickness in the Arctic region. Nature 425 (6961), pp. 947−950, 2003. 

Forsberg, R., K. Keller, S. M. Jacobsen: Laser Monitoring of Ice Elevations And Sea-Ice Thickness in Greenland. International Archives of Photogrammetry, Remote Sensing and Spatial Information Systems, vol. XXXIV no. 3/W4, pp. 163−169, 2001.

Hvidegaard, S.M. and R. Forsberg: Sea-ice Thickness from Airborne Laser Altimetry over the Arctic Ocean North of Greenland. Geophysical Research Letters, vol. 29, no. 20, pp. 1952−1955, 2002.

Warren, S. G., I. G. Rigor, N. Untersteiner, V. F. Radionov, N. N. Bryazgin, Y. I Aleksandrov, and R. Colony, Snow Depth on Arctic Sea Ice. Journal of Climate, 12, pp. 1814−1829, 1999.
APPENDIX Day-to-day summary file, Uummannaq 2006 West-ice survey
DAY2DAY Uummannaq 2006

April 20
Flight: Copenhagen – Uummannaq. Scientific team: Rene Forsberg and Susanne Hanson (DNSC), Finn Dalhoff (GEUS).

April 21
Install water level logger at pier (same as 2005). Measures fjord-point U1 by dog sled. 

April 22        No flight. Weather-bound, heavy snow.

April 23 
No flight. Weather-bound, Fog. R.F. Measures U2−U5 by skidoo (Only one man departs due to thin ice in that part of the fjord).

April 24
No flight. Weather-bound, Fog. Install REF GPS at airport.

April 25
R.F. return to DK. S.H. and F.D. installs REF GPS at the water logger. Measures GPS points U6, U7 and U8 on the fjord ice by skidoo. 

April 26
S.H and F.D. installs REF GPS at the outermost point of Nussuaq. Determines GPS, snow thickness, ice depth and freeboard on the sea ice ‘Vestisen’ by helicopter. 

April 27
S.H. returns to DK.

April 27–May 1 F.D. is stuck in Greenland due to bad weather and bad management of tickets in Uummannaq and Qaasut.
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Figure 1. A mMap of the Greenland topography withshowing the  area of fieldwork k shown as a blue square.
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