Toward Remote Sensing of the Net Sea Ice Volume Flux in the Greenland Sea
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ABSTRACT

The present paper deals with a multi-sensor approachpt@ve current knowledge about the net sea-ice volume
flux in the Greenland Sea. This approach combines nes fdainh space-borne active and passive microwave,
visible/infrared remote sensing with space-borne lakigneter elevation measurements and ground-based abserv
tions of ice thickness and draft. Preliminary resuliggest to first focus on the improvement of the coneersf
elevation data into sea-ice freeboard which was bthto vary by up to two meters following a wave-liketgrat
across the northern entrance of Fram Strait fdn,k&ring and fall, 2003. High-pass filtering in combinatidtin
additional data to identify open water areas is usedte Huis problem. Next steps, the conversion of fraethan-

to thickness, calculation of an ice-area flux with endeal spatial resolution and, finally, ice-volume flux, énbeen
prepared and will require a careful handling of the accusadydifferences in spatial and temporal resolutions of
the involved data. Results of this approach will assistlysis, interpretation, and evaluation of CryoSaa,dae-
cause of similar problems in the conversion of tleasared elevation into freeboard and thickness.

1 INTRODUCTION

The sea ice extent of the Arctic Ocean is shrinkinig @sident from remote sensing data of the past 30 jEais

is expected to further decrease in response to accelekattic Climate warming [2]. Moreover, Arctic sea ice
seems to have thinned substantially since the late I950s5]. Together, this means a significant reducticimef
Arctic sea ice volume. Among others, two main processs be identified for a decrease in the Arctic sea i
volume: a change in the net amount of sea ice produatidrthe export out of the Arctic Ocean. The first proces
depends on the length of the freezing period, snow accuoryland meteorological conditions. The second
process is merely determined by the sea ice export thifetagh Strait into the Greenland Sea. The export idhigh
variable, e.g. [6], and its amount is determined by #aeice thickness at the northern entrance of the Stait
and the wind forcing. It was shown by [7] that seaexport through Fram Strait can occur in surge-like events,
where large portions of the old, thick ice leave thetisrOcean. Depending on the strength and location afifdet
Gyre and Transpolar Drift it takes several years ucgilof similar thickness has formed again.

While sea ice extent is measured using remote sensihgidees routinely, daily and globally, measuring its
thickness on similar scales is still a challenge.akisty of methods has been developed, ranging from eisibl
sensing from aboard ships by recording thickness of lges ftilted by the ships’ hull, over direct thickness
measurements by drilling and ground-based electromagn&licg&.inding [5] and Upward Looking Sonar (ULS)
used from aboard submarine vessels [8] or moorings [8, 9n&@kuring the ice draft, to air- and space-borne
techniques. Here laser profilers [8] or laser altim¢tdj, measuring the ice freeboard and/or the ridge/surface
roughness distribution, EM sounding, measuring the ice thgkn8, 12], and radar altimetry, measuring the ice
freeboard [13], are employed. Techniques to infer theitiginhickness from remote sensing data rely on Sticthe
Aperture Radar (SAR) [14, 15], infrared and/or passive migvewemote sensing [16]. Radar altimetry has proven
to permit a sufficiently large-scale coverage, to bdiglaty and weather-independent, and to permit the retrieva
over a wide thickness range; it has therefore beehduitmproved and will be used aboard CryoSat [17].

First results using space-borne laser altimetry forieéhickness sensing in the Arctic are encouraging K4y.
problems are i) contamination by clouds (not relef@nCryoSat), ii) unknown or inaccurate sea surfacghteiii)
unknown surface roughness, iv) heterogeneous surface withirffective-field-of-view (EFOV), i.e. ice-water
mixture, etc.. A stationary sea ice cover over aneash larger than the EFOV is required for sufficientistias. In
order to obtain the ice thickness from the ice fraethather parameters are required, e.g., snow depth and ice
density. Therefore, best results are expected to baebta regions with a stationary sea ice cover wipieimits

to average over long/large periods/areas. These corgldi@not met in the Fram Strait/Greenland Seaiceda
known to drift several kilometers a day, divergence amyagence can continuously change surface roughness,
and snow accumulation is very variable.

The Greenland Sea, however, is one of the main arehe World Oceans where deep convection and formafio
dense cold water takes place. These processes are lirtkedfteshwater input into and the sea ice formatighe



Greenland Sea. Both is in turn a function of the iqeog through Fram Strait. Modeled winter salt fluxes ia th
region of the Greenland Sea Gyre can easily exceed 40-5@ Kifin This of ample importance for the density
distribution of the water masses exiting the GreenlagadtBrough Denmark Strait and of the water masses to be
entrained into the Atlantic water southwest of Svalbén order to better understand and quantify processewgtaki
place in the Greenland Sea, this paper aims at givingténgng point for a multi-sensor study of the netisea
volume flux (and freshwater and salinity budget) in thee@land Sea involving data from several satellites, ,ULS
and in-situ measurements. Similar studies were done B].[Gheir estimated sea-ice volume fluxes vary between
2218 knilyr (mean 1991-1998) [6] and 2850 ¥gr (mean 1990 — 1996) [9]. We are aiming to reduce the
uncertainties and extend the time series by use of ndvhigher resolution data.

2 DATA & CONCEPTS TO GET THE SEA ICE VOLUME FLUX

Two major data sources are used: space-borne remotegemsl ULS. The former permit to estimate sea ice
concentration, area, extent, motion, type, and freebdiae latter allow to measure sea ice draft. By ¢omp area

and motion the sea-ice area flux can be derived. leetamnes its thickness yields the volume, which in coration

with the ice motion gives the sea ice volume flux. &9 $pace-borne remote sensing of the sea-ice thickses
restricted to thin ice areas [14, 15, 16] or to just aviesks per year for limited regions using the ICESat laser
altimeter [11] — until the launch of CryoSat [17] in 2005.i BACESat and CryoSat, measure the sea-ice freeboard
and due to this similar data analyzing strategies mappked, and similar problems may be solved. Our concept
is therefore, to use data from ICESat and various atltetlite sensors, ULS, and in-situ measurements/gaea
method to obtain a first estimate of the sea-icektigss distribution in the Greenland Sea and, furtheheohet
sea-ice volume flux in this region by primarily using spbome remote sensing data. Table 1 at the end of this
paragraph gives an overview about the data at hand fatundly.

2.1  Seaice area-flux

We use data acquired by polar orbiting satellites, i.eci8p&ensor Microwave/lmager (SSM/I), Advanced
Microwave Scanning Radiometer (AMSR-E), SeaWinds QuikBCAdual pencil-beam scatterometer operating in
Ku-Band), Advanced Very High Resolution Radiometer (AVHRR)visat Advanced Synthetic Aperture Radar
(ASAR) (wide-swath mode), and ICESats’ laser altime#dr of which, except the last one, provide a good to
excellent coverage of the Fram Strait/Greenland S&&l/ISand AMSR-E data are the basis for sea-ice cdneen
tion, area and extent. Comiso-Bootstrap [19, 20] and NAS&nT algorithm [21] ice concentrations are used for a
general overview, and to derive the basic ice-areatdatatimate the ice-area flux through Fram/ DenmaritStr

at 25km x 25km spatial resolution for 1979 until now. The AB&es Ice (ASI) algorithm [22] is used to obtain sea-
ice concentrations at 12.5km x 12.5km (SSM/I) or 6.25km x 6.25km @} (background in Fig. 3) spatial
resolution. The aim is to improve the above-mentiobedic ice-area data regarding spatial resolution (less
contamination by land in flux estimates - particulariythe Denmark Strait). Data from microwave radiometry
scatterometry, and/or visible/infrared remote sensargbe combined to get ice motion vectors; those B&M/I
(and its precursor) and AVHRR data [23] or QUikSCAT data [24hspatial resolution between 25km and 65km.
Those from AMSR-E have a finer spatial resolution ailidbe used together with ASI algorithm ice concentmag

to improve the spatial resolution of the sea-ice 8weato 12.5km x 12.5km or better.

2.2 Seaice thickness

ULS provide us with information about the sea ice dwafh respect to the sea surface (open water) above its
position — in our case moorings in the Greenland Seayalkb°N and 79°N (Thanks to H. Witte from AWI, and E.
Hansen from Norsk Polarinstitutt, NPI) — by measuringriin time of an acoustic signal between the instrument
and the sea ice underside. By assuming snow depth and bdinisity, the ice thickness can be obtained using the
equilibrium equation. ULS measurements can be influencéldedgeam-width of the instrument, current, tempera-
ture and salinity variations in the water, and the bgeneity of the sea ice within the instruments’ EHOVULS

data will be used in comparison with thickness estimiates space-borne sensors for evaluation, to fill detas,

and to relate the results obtained by ICESat and CtyoSest measurements. Errors introduced in the cdowers
from sea-ice draft into sea-ice thickness by unknovawstepth, inaccurate ice density and sea surface lewel ar
smaller compared to doing the same with sea-ice fregboaasurements, because 9/10 of the sea ice is below the
water surface. Geographical locations and operationgedbULS used or going to be used are given in Table 1.
We suggest in this context to also use ice thicknessurezhwith the helicopter-based EM-Bird of the AWI [12].
Measurements of the laser altimeter aboard ICESeltisats the second, presently available data soarbe used

to derive the sea-ice thickness [25]. ICESat was lauhéhdanuary 2003 and carries only the Geoscience Laser
Altimeter System (GLAS). By measuring the run timeadaser pulse at 1064 nm wavelength between the sensor
and the surface, and the returned wave form of that pluésabsolute height of the sensor above the surface is
obtained for an EFOV of 70 m every 170 m (see [25] for #gtdio achieve a high accuracy the pulse run time has
to be corrected for atmospheric delays and tides. Addifipthe satellite carries an Global Positioning t&ys
(GPS), and a star-tracker attitude determination sysiémwhich its orbit above a reference ellipsoid isedmined



with an accuracy of 5 cm. By subtracting the height altbe surface measured by the sensor from its heigkieab
the reference ellipsoid the mean elevation of theasarin the EFOV is obtained. After atmospheric and tida
corrections the total error budget for a single ICE&8avation measurement comes up to 13.8 cm [25]. By
subtracting the measured height from a realistic estirfathe sea surface height, which has to be calcufedm

the geoid of the Earth and the actual state of atmosmat ocean, the sea ice freeboard can be obtained.

2.3 Sea ice volume-flux

Once sea-ice area and motion as well as sea-iden#gs are known, the sea-ice volume and the area amdevol
fluxes can be determined. A compromise has to be founddiagathe different error statistics, frequency, and
spatial resolution of the different data sets involveglarea and motion are provided at scales ranging frfem &
about 60 kilometers. Sea-ice thickness data are eithet paasurements (ULS, drilling) or a continuous profile
(EM-Bird, EFOV-size: a few meters), are obtained glardiscontinuous profile (ICESat, EFOV-size: 70m), ot wil
be obtained continuously along a 15km wide track (CryoSaD\Esize: a few 100m). This variety of spatial and
also temporal resolutions (revisit times of the sapet are at least 30 days for ICESat and CryoSat) recmires
careful consideration of the data statistics.

Tablel: Overview about data at hand for this st

Product Grid-cell size [km] Time coverage
Ice concen- | AMSR-E (ASI, Bootstrap, NT2) 6.25 Jun. 2002 — today
tration SSM/I (AS)) 12.5 Jan. 1996 — today
SSM/I (Bootstrap) 250 Oct. 1978 — today
Ice drift Merged QUIkSCAT — SSM/I (IFREMER) 62.5 Dec. 1991 — today (Winter: Oct. — May)
AMSR-E (IFREMER) 31.25 Jun. 2002 — today (Winter: Oct. — May)
Polar Pathfinder Sea Ice Motion Vectors 25.0 Nov. 1978 — Mar. 2003
(AVHRR, SMMR, SSM/I, Buoys)
Ice thickness | ICESat freeboard 20. Feb. 2003 — 19. Mar. 2003
25. Sep. 2003 — 18. Nov. 2003
ULS draft (AWI) at positions 75°N/10°W Aug. 1991 — Dec. 1992
Aug. 1993 — Oct. 1995
Sep. 1999 — Sep. 2002
79°N/2°W Aug. 1997 — Oct. 2001
ULS draft (NPI) at position: 79°N/4°W Aug. 1990 — 1999
3 RESULTS & DISCUSSION OF WORK IN PROGRESS
3.1 Area Flux
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Fig. 1: Ice motion in the Fram Strait derived from camedd QuickSCAT §) and SSM/I horizontal4) and vertical

(v) polarized ice drift vectors [24] for Jan. 13-16, 2003 (l&fi) dan. 12-15, 2004 (right). Grid spacing is 62.5 km.
Red arrows indicate that three valid, identical iceiomowectors were found and merged; green (blue) arrows
indicate two (one) valid ice motion vectors (vect@hrows show the displacement of the ice within thee¢ days
indicated (note arrow scale of 50km); ice mask is the /888l algorithm ice concentration.



Using the 85 GHz and 89 GHz channels of the passive magvadiometers SSM/I and AMSR-E, respectively,
increases the spatial resolution of ice concentratamea, and motion from 25 km to 12.5 km and 6.25 km,
respectively. Therefore we take ASI algorithm ice emrations [22] (background of Fig. 2) and the merged
QUIKSCAT — SSM/I ice motion of the Laboratoire d Océgaphie Spatiale, IFREMER/ Centre de Brest (Fig. 1).
The accuracy of the used ice motion is very importa@¥% of the variance of the ice-volume flux is attributed t
variability of the motion field [26]. Therefore, theea flux has to be determined very accurately in ordeedp the
total error for the volume flux small. Ice area and iprotare available from microwave radiometry and Wsib
infrared imagery since 1979 (Table 1). However, since vee using newer data, which are derived from
measurements of other sensors and/or at a finer lsped@ution, some validation has be done in advanceeM
over, the kind of ice motion data shown in Fig.2 is anlgilable for winter (October to May). In summédre fost
contrast in surface signatures inhibits ice motiorieedl. Other methods or data sources have to be usezhth

3.2 Ice thickness
The height above the surface measured by ICESat sea ice freeboard
|ICESat can be converted into an estimate Mshn freeboard: 47+ 87 cm; Background ice concentration: AMSR-E ASI

the elevation above the Earths’ geoid and/or
above the sea surface, which, in sea-ige
covered regions can be interpreted as sea-ice
freeboard. This can be used to derive the sga. |
ice thickness assuming constant values of|
snow depth and bulk ice density. In ouy,. |
study we have done first steps towards ob-
taining sea-ice freeboard from ICESat elevg- §
tion measurements. The steps completed,
occurred problems and error sources are djs-
cussed in the following.
1. The elevation measured by ICESat is the
height above a reference ellipsoid and not
the height above the sea surface. As;@
first approach the differences of the ellip-
soid to a state-of-the-art geoid were sub-
tracted from the ICESat elevation data.
One sample result is shown in Fig. 2.
Since approximately 1/10 of the floating
ice is above the sea surface, freeboard:
between 0 and 50 cm can be expected. In
Fig. 2 some regions show positive frees:
boards well above 50cm (red ellipse)
while others show negative freeboards
(blue ellipses). This freeboard distribu- .
tion stays almost constant during both: 4
periods (spring and fall, Table 1) and can b
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be associated to a) an inaccurate geo? ; — | Cm

and b) sea surface height anomalie 003-03-12 -300 -200-100 0 100 200 300

which are not considered. Such anom Fig. 3: Se-ice freeboard calculated by subtracting a -of-the-
lies can be caused by wind stress, var art geoid from ICESat elevation measurements (coldegaliscs
tions in atmospheric pressure, ocei size not to scale) perposed on a map of the ASI algorit
currents, density anomalies of the se AMSR-E ice concentratn (blue: open water, white 100% |
water and uncorrected tides. medium gray: 50% ice) for March 12, Z)Ellipses mark regiol
Therefore other methods have to be us of pronounced undeor overestimation of the ice freeboard wi
to get a proper geoid and valid sea st stay stable for considered periods (see text and Tabl&ht

face height to be subtracted from tr insert is the histogram of all ICESat ice freeboatuswn.
ICESat elevation data to obtain a realistic

sea-ice freeboard. One approach is to use the fact¢hagurface height anomalies occur on larger scalas th
the sea-ice freeboard varies within the EFOV. Betfihg the elevation data with a high-pass filter passible

to eliminate the large scale anomalies. In the regutiataset open water has to be identified eitherrbplgi
taking the minimum elevations as open water or by ustdjtianal data as AMSR-E ASI algorithm ice
concentrations (background Fig. 2) to identify open wdeth methods are currently under development.



2. In order to reduce the measurement error and erttooslirted by the filtering several measurements have to b
averaged to get useful freeboards, e.g., over a perioceofieek.

3. To obtain an ice-thickness profile across FramitSteda from several ICESat over-flights are needed.

4. The largest error source for the conversion oicefeeboard into thickness is the unknown snow dephichw
can be expected to be quite high in the Fram Strait becduke presence of old ice and the proximity to open
water and therefore higher atmospheric water conemisompared to the inner Arctic. Additionally, a large
portion of the sea ice is multiyear ice, which inutgper few 10 centimeters has a considerably smallertgensi
than first-year ice (920 kgfn Typical snow densities are around one third of thabrder to derive the ice
thickness one has either to know the snow depth otchadapt the bulk ice density accordingly. Like sea-ice
thickness the snow depth on sea ice is difficult to omeaom space. For AMSR-E and SSM/I a snow depth
algorithm exists [27], which, however, is less accufatenultiyear ice and in the marginal ice zone. Avenggi
the snow depth over, e.g., one week would reduce unceesaamid make this a useful dataset for our analysis.
Other sources of snow depth are climatologies or swownaulation data provided by a numerical model.

We intend to validate/evaluate the ICESat ice-thickmats data from ULS (see below), data obtained with th

helicopter-based EM-Bird (AWI) and from ice-core drifinAnother possibility to get the correct freeboardyhei

is to calibrate the elevation data with SAR data [They identified young ice areas in consecutive RADARSAT-

SAR images and by matching these to the correspondin§dCdata they obtained locations of zero freeboard. To

validate our more general approach a similar study witldreied out, for which about 25 RADARSAT-1 SAR and

Envisat ASAR images have been ordered for the fir&S& period (Table 1).

ULS

ICESat ice thickness data only exists since February 20 = o=
is not recorded continuously (Table 1). In order to eve . -
ICESat ice thickness data, to extend the time sertestli
past and to fill gaps in the ICESat dataset we are usanre
draft measurements of moored ULS. Fig. 4 shows
monthly mean ice draft of the AWI moorings at 79° Nlun _ "7
ding measurements of open water together with the std
deviation. Negative values result from the assumptioa =
Gaussian data distribution which is not correct herenlay
applied for simplicity. The ice draft is highly varialde
monthly scale (large standard deviations) and alsormgel — °°
term. The monthly mean draft varies between zerda2th 8 -
A seasonal cycle cannot be identified. For the shoewiod ..
the thickest ice was measured in summer 1998, which A Ve
to the release of thick multiyear from north of Gilaew Iee draft incl. open water at 79N/2W
through the Fram Strait, whereas zero draft was reddr.. ; . ; ;

March 1999. The Iaf[ter can be exp[aine_d by a westward < Etlg}dirnd?g\titzﬁor:erﬁZaESrgdrabﬂy %lisslrglg#qs A'

of the ice edge as is evident also in Fig. 2. Next stdp it moored in the Eram Strait at 79

convert these data into ice thickness.

In order to get a representative profile of the iceldhéss across Fram Strait as is needed to estimatethaume
flux such ULS ice-thickness data have to be extrapolatedsthe Fram Strait (see [6,9]). By using ICESat, and,
the near future, CryoSat data the extrapolation caepdaged by an interpolation and a much more representativ
ice thickness profile across Fram Strait can be exgecte

Draft (m)
|

4 SUMMARY & OUTLOOK

A multi-sensor strategy to obtain the sea-ice volumeih the Greenland Sea is presented. The aim is toexie
findings of [6, 9] by adding new ice thickness data deriveihiCESat laser altimeter (launched 2003) and CryoSat
radar altimeter (to be launched 2005), and ice motion data ficrowave radiometry and scatterometry at im-
proved spatial resolution. Among satellite data our approadhdes data from moored Upward Looking Sonar
(ULS), helicopter-based electromagnetic ice-thicksessiding (EM-Bird) and ice-core drilling. First resultsealv
that conversion of ICESat elevation measurementssied-ice freeboard and, further, into thickness reqtiresl-

ve a couple of problems and shortcomings among whichladeaccurate sea surface height and/or geoid of the
Earth cause almost stationary, unrealistic freeboarations of up to 2 m in the northern entrance ofRhaem
Strait. 2) Evaluation data (ULS, EM-Bird) as well aEEat data have a sparse coverage limiting direct iotar-c
parisons. 3) ICESat data have to be averaged overancpdriod, e.g., one week, and a sufficiently large area
allow a meaningful combination with ice-area and motata; this is problematic in the Fram Strait/GraedISea
due to high drift speeds. 4) Conversion of freeboard hitkmess requires snow depth and multiyear-ice fraction.



An approach to solve 1) is in progress. Regarding 2) evatuatill be optimized by acquiring as many in-situ,
ULS, and EM-Bird data as possible to allow more diretgricomparison and usage of interpolation instead of ex-
trapolation. Regarding 3) the limited availability of IS& data itself is a constraint which cannot be ghdnRe-
garding 4) ice classification by means of scatteromatifor SAR will help to estimate the multiyear-icaction

and weekly snow depth on sea ice will be estimated 88M/I and AMSR-E data. If these problems are all shlve
ICESat elevation measurements are a comprehensisetifiasea ice thickness. Compared to current alteesat

it has the highest spatial and, during its periods of cperaalso temporal coverage. In combination with an
improved ice-area flux the knowledge about Greenland Sealeme flux can be substantially improved.

The CryoSat mission addresses as well the lack of laugel about sea-ice thickness and volume, and aims at sol-
ving it also by measuring the sea-ice freeboard. Thegeit can be expected that similar problems willenmarti-
cularly in the conversion of the elevation measurdamano sea-ice freeboard (sea surface height and geodd-un
tainties, a heterogeneous surface within sensorg-@ieliew) and, further, into thickness (unknown snow depth
and ice density). We believe that the results of oudystill assist analysis, interpretation and evaluatibn
CryoSat measurements. As a future step the obtaineslizee fluxes can be assimilated into coupled ice-ocean
models which would allow to extend the time-series furihto the past, to relate the fluxes to processeblen t
Greenland Sea, and to predict the impact of an accstfiedatay of the Arctic sea ice cover.
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