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Abstract. During the EU research project Developing Arc- 1 Introduction

tic Modelling and Observing Capabilities for Long-term En-

vironmental Studies (DAMOCLES), 18 ice buoys were de-

ployed in the region of the Arctic transpolar drift (TPD). The transpolar drift (TPD) is, together with the Beaufort
Sixteen of them formed a quadratic grid with 400 km side 9Yre, one of the two large systems of sea-ice drift and near-
length. The measurements lasted from 2007 to 2009. Théurface currents in the Arctic Ocean. The TPD starts along
properties of the TPD and the impact of synoptic weatherthe Siberian coast, progresses to the North Pole region, and
systems on the ice drift are analysed. Within the TPD, theends in the Fram Strait. About 3000 Rrof sea ice per year
speed increases by a factor of almost three from the Nortre transported with the TPD from the Arctic Ocean into the
Pole to the Fram Strait region. The hourly buoy position fixesNorth Atlantic. This will correspond to 15% of the Arctic
would show that the speed is underestimated by 10-20 % iPcean area if we assume an average ice thickness of 2m.
positions were taken at only 1-3 day intervals as it is usu-The ice export through Fram Strait shows large seasonal to
ally done for satellite drift estimates. The geostrophic wind inter-annual variations with amplitudes being about 50 % of
factor Ui / Ug (i.e. the ratio of ice speetij and geostrophic ~the mean value (e.g. Affeld, 2003; Kwok et al., 2004). The
wind speedJg), in the TPD amounts to 0.012 on average, butspee(_j of t_he TPD is _also f:haracterlzed by large variations
with regional and seasonal differences. The constaht/g showing hlg_h correlation with the east—west pressure gradi-
relation breaks down fo/g <5m s 1. The impact of synop- €nton the timescale of monthly to s_easonal means (\f!hma
tic weather systems is studied applying a composite methoc€t al-, 2012). The speed of the TPD in the preceding winter
Cyclones (anticyclones) cause cyclonic (anticyclonic) vortic-and summer affects the sea-ice extent minimum in the fol-
ity and divergence (convergence) of the ice drift. The ampli-lowing September. A stronger TPD leads to a shorter stay
tudes are twice as large for cyclones as for anticyclones. Th&f the sea ice in the Arctic Ocean and increases the ice ex-
divergence caused by cyclones corresponds to a 0.1-0.5 Rrt through Fram Strait. Smedsrud et al. (2011) showed that
per 6 h open water area increase based on the composite avéfe recent (2004-2010) high sea-ice area export in the Fram
ages, but reached almost 4 % within one day during a Stron@trait contributed to the Arctic sea-ice decline. A positive
August 2007 storm. This storm also caused a long-lastingrénd of the TPD speed for the period 19502006 was anal-
(over several weeks) rise &f andU;/ Ug and changed the ~ YSed by Hakkinen et al. (2008) using drift observations from
ice conditions in a way which allowed large amplitudes of in- the Russian North Pole stations, various expedition camps,

ertial ice motion. The consequences of an increasing Arctic@d International Arctic Buoy Program (IABP). Also based
storm activity for the ice cover are discussed. on IABP data (1979-2007), Rampal et al. (2009) found a

positive trend for both the mean speed and the deformation
rate of the Arctic sea ice. The positive trend in drift speed is

not accompanied by a comparable trend in wind speed but
correlates with a decrease of multiyear ice, as was shown by
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Kwok et al. (2013) using IABP buoy and satellite-based drift 2007 and its long-term consequences. A summary and con-
data (1979-2009). The positive trend in drift speed is alsoclusions are given in Sect. 7.
underlined by comparing individual drift trajectories in the
TPD. For example, the drift time of the French vesEmia
from the Siberian side to Fram Straitin 2006-2007 was aboup  The DAMOCLES ice-buoy campaigns
half as long as the drift time of the Norwegian vesseim
in 1893-1896 for about the same distance (Gascard et alln this study, we use data from two ice-buoy campaigns
2008). called here DAMOCLES 2007 (D0O7) and DAMOCLES

The September ice extent minimum is mainly the integral 2008 (D08). Both field campaigns were operated by the Me-
result of the Fram Strait ice export and the summertime iceteorological Institute of the University of Hamburg within the
melt which depends on many factors such as the conditionframework of the integrated research project DAMOCLES
at the end of winter of ice thickness and concentration, the(Developing Arctic Modelling and Observing Capabilities
ocean temperature, the solar insolation, which is closely refor Long-term Environmental Studies) which was funded by
lated to cloud cover, and the warm-air advection from the surthe European Commission.
rounding land areas in summer. The latter are strongly con- The D07 campaign used 16 CALIBs (Compact Air-
trolled by synoptic pressure systems. For example, Screen gétaunch Ice Buoys) manufactured by the Canadian com-
al. (2011) show that with more cyclonic activity over the Arc- pany MetOcean (Fig. 1). Buoys and data are described in a
tic Ocean in spring and summer, the sea ice extent minimundata publication (Brimmer et al., 2011a). The buoys were
in the following September is higher. Among other reasons,equipped with Alkali batteries for power supply, with a
the sea ice appears to be better protected from melting due tdaisala PMB-100 pressure sensor and an Y Sl thermistor tem-
a higher amount of clouds. On the other hand, cyclones causperature sensor. The position was determined by the ARGOS
a deformation of the ice and a decrease of ice concentratiosatellite system with an accuracy of about 300 m. The buoy
of the order of a few percent (Kriegsmann and Brimmer,data were transmitted in irregular time intervals depending
2013). In contrast to winter, the resulting openings remainon the available satellite coverage. In the post-processing
open in summer and, thus, due to the positive albedo feedprocedure the data were despiked and interpolated to regu-
back, the ice melt can be increased. Furthermore, the declinkar 1 h intervals. Hourly drift velocities were calculated over
of ice concentration reduces the internal forces and increase®h intervals and shifted by 1 h. The buoys were deployed in a
the mobility of the ice. regular 4x 4 quadratic grid of 400 km by 400 km side length

In this paper, we focus on the synoptic scale and investi-centred at the French sailing vesJelra (see also Figs. 3
gate the impact of synoptic weather systems on the properand 4) on 22 and 23 April 2007 with a Twin Otter aircraft
ties of the TPD. This is done by using data from an arraywhich could land and refuel on the ice ndara The buoys
of 16 ice buoys which were deployed in April 2007 around numbers were as follows: 1-4 (first row), 5-8 (second row),
the above-mentioned French ves$ata and data from two  9-12 (third row), and 13-16 (fourth row) (see Fig. 4). Since
further buoys deployed in 2008. The measurements of thehe buoys were dropped from the aircraft and landed uncon-
buoy array lasted until January 2008 and those of the othetrolled, their exposure on the ice (ridge, trough, thin or thick
two buoys until 2009 and, thus, cover the period of the so farice, near a fracture) is unknown. This uncertainty makes it
second-lowest ice extent minimum in September 2007 (thdifficult to find out why the buoys were lost earlier or later.
lowest occurred in September 2012). The experimental in-The buoy data availability is given in Fig. 2. The first buoy
vestigations aimed primarily at the following questions: (a) (no. 15) was lost already on 22 May 2007. In the following
what are the kinematic properties of the TPD in the time summer month, a further 13 buoys were temporarily lost, six
range from hourly to seasonal? (b) How variable is the atmo-of them recovered after some time. We are not sure what ac-
spheric dynamical forcing and what are the impacts of syn-tually happened, but thEara scientists reported a high frac-
optic weather systems on the TPD? (c) What is the impaction of melt ponds on the ice. This observation is supported
of a strong summer storm on the sea ice on a short timescaley Rosel and Kaleschke (2012) who analysed from satellite
and longer? data an exceptional melt pond occurrence in the Arctic in

The paper is organized along these questions. In Sect. 2 th2007. So, we assume that the buoys were partly submerged in
buoys, their deployment, the data collection and the calculathe water, but could submit data again after summer when the
tion of drift are described. Section 3 deals with the kinematicmelt ponds drained and disappeared. Ultimately, seven buoys
properties of the TPD for different seasons and locations. Insurvived the melting season. Out of these seven buoys, only
Sect. 4 the atmospheric wind forcing and the forcing—drift re-three buoys passed the Fram Strait in November/December
lation are investigated. Section 5 presents a composite stud®007. The last buoy (no. 5) ended on 31 January 2008 near
of the impact of cyclones and anticyclones on the vorticity, 70° N in the East Greenland Current.
divergence and deformation of the ice drift and Sect. 6 deals Within the DO8 campaign nine PAWS (Polar Area Weather
with a case study of the strong summer storm on 13 AugusStation) ice buoys (also manufactured by the Canadian com-

pany MetOcean) were deployed (Fig. 1). PAWS and data are
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Fig. 2. Data availability for all 16 CALIB buoys in 2007 (top) and
of PAWS buoys G, | in 2008—-2010 (below).

sions) operating from Eureka airfield. Two further PAWS (H,
I) were originally also planned to be deployed in that region,
but did not work properly and, thus, had to be repaired by
MetOcean. They were deployed later by the German RV
larstern, during the first cruise of a ship around the ice cap
of the Arctic Ocean, on 21 September 2008 in the Beaufort
Sea (H) and on 3 October 2008 in the Laptev Sea (l). In this
paper, we use data only from the PAWS buoys G and | which
moved with the TPD and reached the Fram Strait. The data
availability is given in Fig. 2. The buoys measured data un-
til 18 July 2009 (G) and 23 February 2010 (1), thus covering
periods of more than one or even two years, respectively.
The D07 campaign during the summer 2007 ice extent
minimum took place around@ara which began its drift in
September 2006 at about 7918, 145’ E not far north of the

Fig. 1. Above: CALIB buoy dropped from Twin Otter aircraft at ice edge.

300 m altitude and descending on parachute. Below: PAWS buoy G Figure 3 shows the ice concen_tratlon on_:I_. May, 1 July,
after installation with Twin Otter aircraft landed on ice. and 1 September 2007 together with the positions of the four

corner buoys 1, 4, 13, and 16 of the DO7 buoy square. The

ice melt in 2007 which advanced northward beginning from
described in a data publication (Brimmer et al., 2011b). Thethe Beaufort Sea, Chukchi Sea, and East Siberian Sea for-
PAWS were equipped with a Lithium battery for power sup- tunately did not reach the DO7 buoy array, although on the
ply, and with sensors for pressure, air temperature, ice temsatellite image for 1 July small areas with little ice concen-
perature, relative humidity, and wind vector (Young). The po-tration are discernible in that part of the buoy array where
sition was determined via GPS and thus is accurate to abouhe first buoy (no. 15) was lost. So, from the knowledge of
10m. The data were transmitted via Iridium at regular 3-the September 2006 ice edge which was closkata’s drift
hourly intervals (00:00, 03:00, etc.; all times in UTC). The start and the knowledge of the September 2007 ice edge, it
drift velocities were calculated over 3 h intervals. The com- can be concluded that the ice melt in 2007 mainly concerned
plex instrumentation of the PAWS required manual installa-the new first year ice, but not all of it since the distance of
tion on the ice. Seven of the PAWS, labelled A to G, were Tara from the September 2007 ice edge was farther than its
deployed between 12 and 22 April 2008 north of Ellesmeredistance from the September 2006 ice edge.
Island with the help of a Twin Otter aircraft (seven flight mis-
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3 Drift characteristics Table 1. Median values of drift speed in criv$ for five buoys in
different regions of the transpolar drift stream.
Figure 4 shows the drift of the D07 array and the PAWS G

and I. Also shown is the drift ofara from September 2006 Buoy >85 N 85°N—  Fram Strait
until 23 April 2007. Afterwards, th&ara drift is not plotted Fram Strait
because it forms the centre of the D07 array andTie (May-Sep) (Oct—Nov) (Dec-Jan)

drift is well represented by the surrounding buoys (e.g. by g 6.5 12 18
the long-lasting buoy 11). Although with a time difference of 11 75 11 225
two years,Taraand PAWS | start in about the same region of 16 7 16 _
G
|

the Arctic Ocean at about the same time of the year (October) 7 4 10
and drift along a similar track in about the same time. In April 9 13 21.5
2009, PAWS 1 is almost in the same region where the D07 Mean 75ems!  130cms! 20 7cmst

array started. PAWS G, further in the west of the TPD, begins
its track one year later than the array and one year earlier
than PAWS I, but at the same time of the year (April). The
drift of PAWS G from May to September is similar to that
of the array, but later it moves towards the southwest andf 10 % for 24 h intervals, of 20 % for 3 day intervals, and of
gets stuck from October 2008 to January 2009 in the very30—-50 % for monthly time steps.
dense pack ice north of Greenland. Afterwards, PAWS G is The area and the orientation of the D07 array show no
again captured by the TPD and moves eastward north of th&onotonous variation with time. The array area increases
ice shear zone along the land-fast ice at the coast of Nortiglightly due to stretching of the lines 1-4 and 4-16, while
Greenland. Finally, PAWS G passes the Fram Strait (g0  1-13 and 13-16 remain almost constant. The rotation is pre-
in March 2009, while PAWS | and the remaining buoys of the dominantly anticyclonic in May and June and changes to
array (5, 11, and 16) pass 88 about 3—4 months earlier. predominantly cyclonic from August until November. Fur-
Apart from the winter period when PAWS G got stuck in thermore, the variation of divergence and rotation is non-
the pack ice north of Greenland, all buoys show an acceleruniform for the various sub-areas. This is due to the fact that
ation of the TPD from the region around the North Pole tothe entire array is rarely under the same atmospheric forc-
the Fram Strait and the East Greenland Current. This can b#g. Passing lows and highs affect the different sub-areas in a
seen in the drift speed histograms for PAWS G, |, and the Do ifferent manner. In addition, inhomogeneous ice conditions
buoys 5, 11, and 16 displayed in Fig. 5. The median values ofice thickness, concentration, strength) can result in small
drift speed (see Table 1) are around 7.5 cthis the region  horizontal correlations of the ice kinematic properties such as
north of 8% N during the months May to September. The val- divergence or deformation. From the analysis of buoy data,
ues increase in October and November further south, but stilHutchings et al. (2012) found no coherent length scale for
north of the Fram Strait, to median values around 13tins the horizontal variation of ice-drift divergence because the
and then accelerate in the Fram Strait and south of it to meinternal ice stress varied on short-length scales of the order
dian values around 21 cm& So the speed of the TPD in- of 10km. Also, Rampal et al. (2008) conclude that the Arctic
creases by a factor of 2.7 from the North Pole to Fram StraitSea-ice deformation is heterogeneous and intermittent based
The speed acceleration within the TPD is accompanied byon the analysis of IABP data.
a convergence of the ice drift towards Fram Strait as can be
seen in Fig. 4. From our Lagrange buoy measurements it is
difficult to separate regional and seasonal differences. How4 Wind-drift relation
ever, the downstream regional increase by a factor of 2.7 is
much larger than the typical seasonal drift speed variation inThe wind is the primary forcing for ice drift over timescales
the Arctic (e.g. Rampal et al., 2009). ranging from synoptic (e.g. Lammert et al., 2009; Brimmer
The drift trajectories in the TPD region do not follow etal., 2008) to climate (e.g. Vinje, 2001; Vihma et al., 2012).
smooth straight lines, but show curves and loops insteadThe relation between drift and wind is often represented in
This results from the variability of the atmospheric forcing the literature by the wind factor, WF (ratio drift vs. wind),
due to passing synoptic weather systems. Their influence iand the deviation angle, DA (positive for ice drift to the right
further detailed in Sects. 5 and 6. Thus, when the position obf the wind). WF and DA are relatively easily accessible from
an ice floe is taken at large time intervals (e.g. of one or moreobservations and are indirect indicators for the importance of
days), as it is typically done for the estimation of ice drift the individual forces in the ice momentum balance equation.
from satellite data, the length of the trajectory and conse4n case of a free-ice drift (internal ice force negligible which
quently the drift speed is underestimated. This is underlineds typically assumed for ice concentrations below 0.8, Lep-
in Fig. 6 showing the length of the trajectory calculated with péranta, 2005, p. 141) and thin ice (Coriolis force negligible),
different time steps. The speed underestimate is of the ordeWF is the square root of the ratio of the products of density

(without G)
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Fig. 3. Ice extent and concentration on 1 May, 1 July, and 1 September 2007 (from The Cryospherehfipdédarctic.atmos.uiuc.edu/
cryospheré/together with location of the four corner buoys 1, 4, 13, and 16 of the DO7 buoy array.

and drag coefficient in atmosphere and ocean. With increasfe.g. Thorndike and Colony, 1982), but disagree concerning
ing ice thickness (i.e. increasing Coriolis force), the WF de-«j—g. Earlier studies indicate a higher deviation angle with
creases and the DA increases (Leppéranta, 2005, p. 144). decreasind/y.
case of ice concentrations above 0.8, the internal ice force The ratio Ui/ Uy and the deviation anglej—«g show a
has to be taken into account. It is about opposite to the driftclear variation when distinguishing with respect to region
and acts towards a decrease of WF and DA (Thorndike andnd season as presented in Table 2. For this, we have used
Colony, 1982). monthly means from all data of the DO7 array and the
Since the wind was not measured at the D07 buoys, we usBAWS G and I. The regions Siberia (defined here as*>$g5
the geostrophic wind instead. We calculate the geostrophic 90° E) and North Pole (defined here as 2 8§ have a sim-
wind, Uy, from the sea-level pressure field of the 6-hourly ilar range ofU; / Uy values with minima < 1.0 % in late winter
operational ECMWF (European Centre for Medium-Rangeand maxima > 1.5 % in summer. Tlag/ Ug values for buoy
Weather Forecast) analysis which has a horizontal resolutioi® in the dense pack ice north of Greenland are always <1 %
of 0.25. First, Uy is determined at each grid point of the in autumn and winter. In contrast, tlig/Ug values in the
model analysis, and then interpolated to the buoy positionFram Strait are the largest ones around 2 % even in winter.
CalculatingUg from the DO7 buoy pressure field would have The deviation anglei—og shows a distinct annual cycle in
been an option, but appeared to be too uncertain especiallthe regions Siberia/North Pole from small values{ to 2°)
because 12 of the 16 buoys are at the edge of the buoy ain winter to larger values (£7to 18) in summer. In winter,
ray. The ECMWEF pressure field has a high degree of valid-the angle difference is small {30 6°) north of Greenland
ity. The temporal pressure correlation between ECMWF andand in the typical range {3o 1C) in the Fram Strait region.
DO7 buoys is higher than 0.99 for each buoy (Haller, 2011).  The ratioU; / Ug and the deviation angle—«g depend on
Figure 7 shows time series of ice driff, geostrophic wind  the local ice conditions (thickness, concentration) and, thus,
Ug, and geostrophic wind factor (ratio &f; vs. Ug) for alll on the relative magnitude of Coriolis force and internal ice
buoys of the DO7 arraylj andUy show a similar variation.  stress. Ice conditions were even different within the compar-
Maxima ofUg always correspond to maximabf. However,  atively small DO7 array as can be inferred from Table 3. In
this is not true for the minima. The rati / Ug is 1.2% on  May/June, buoys 1-8 (see Fig. 4) have clearly lalgelUy
average, spikes occur whéfy is low. The amplitudes of the values (indicating thinner and less compact ice) than the
Ui andU;/ Uy variations show a distinct step to higher val- other buoys. These spatial differences within the buoy array
ues in August, although the amplitude of tbig variations  still exist in August/September, although the averéigeUg
is almost the same from April to October 2007. This step islevel has increased from 1.09 % to 1.39 % between these two
caused by a strong summer storm on 13 August 2007 as wiltime periods. The continued existence of spatial differences
be outlined in Sect. 6. underlines the potential long-term (here 5 months) memory
The variation of ice drift; and deviation angleyji—og, as in the ice cover characteristics.
function of Uy is presented in Fig. 8. Values Df reach up to
30ms1, the median is 7ms". For values/g>5ms?, an
almost constant ratio dfi / Ug = 0.0115 is present. For val- 5 |mpact of synoptic systems: cyclones and anticyclones
uesUg<5msL, the ratio increases due to the inertia of the
ice motion and the ocean current. The angle differeneeg In this section we analyse the impact of cyclones and anticy-
is around 10 and shows no clear trend withy. The results,  clones on vorticity, divergence and deformation (magnitude
concerningUi / Uy, fit well into the range of earlier studies of the shear strain rates) of the sea ice which are defined as
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Table 2. Monthly averages ot/; / Ug in % and difference anglej—«g in four regions of the transpolar ice drift based on data from the D07
array and the PAWS buoys G and I.

Month J F M A M J J A S O N D Source
Siberia 1.15 095 080 1.12 145 120 1.10 |
1° -2° -3 4° 10° 5° 2°
North Pole 1.04 108 158 145 1.30 Array,
14°  17° 17° 18 ? G,
Greenland 085 089 094 G
30 60 40
Fram Strait 1.80 220 G,l
10° 5°

Table 3. Average ratios olJ; / Ug in % during the periods May/June and August/September 2007 for all 16 D07 ice buoys. The distance
between the DQO7 array locations for both periods is relatively small. The centre of the array is°ai,8832° E (86.3 N, 020° E) in the
middle of the first (second) period.

Buoy no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
May/Jun 143 127 1.18 1.17 125 114 1.06 112 091 118 095 096 091 098 082 1.08
Aug/Sep 147 136 1.82 - 112 - - 144 - 155 121 - - - - 111
follows: To study the temporal variation of vorticity, divergence,
o ] and deformation of the ice field during the passage of syn-
vorticity = v, —u,, divergence= u, +v,, optic systems in more detail, but not for each individual sys-
and deformation= [(i, — vy)? + (uy + v)21Y2. 1) tem separately, we apply a composite method. Based on the

6-hourly ECMWEF sea-level pressure analyses for the five-

Only data from the DO7 array are used for this analysis. ThQnonth period from May to September we select 42 cases
Iatitude—longitude buoy positions have been Converted, USing\/hen a Cyc|onic System (|OW, trough or |ow-pressure |ine)
a polar-stereographic projection, to positions {) and to  and 32 cases when an anticyclonic system (high, ridge or
drift vectors ¢, v) in a Cartesian coordinate system centred pridge) passed over or near the DO7 buoy array. During this
on the North Pole with the axis pointing towards SCE.  period the centre of the array was always north 6fl8%see
The spatial gradients in ice motiony, uy, vy, vy, are cal-  Figs. 3 and 4). For each system, we determine a time win-
culated from the tilt of the:- or v—plain fitted to the drift dow of 18 h centred at the System passage(a h) which
vector measurements at three buoys. Vorticity, divergencewe define as the time when the vorticity attains its maximum
and deformation represent kinematic changes of the ice deckcyclonic system) or minimum (anticyclonic system). Com-
They depend on the atmospheric forcing and on the existingosite averaging is then performed in this relative time frame
properties of the ice field (e.g. concentration, thickness, icefor 10 different triangles. Due to frequent buoy losses in sum-
strength). mer (see Fig. 2), the full number of selected cyclone or anti-

As an example, Fig. 9 shows the time series of vorticity cyclone cases could not be applied for any of the triangles.
and divergence in the buoy triangle 3-10-16 together with  The results of the composites are shown in Fig. 10. The
the sea-level pressure measured at buoy 11 in the centrgmplitudes of the vorticity and divergence variations are
An abrupt change of the amplitude of the vorticity and di- roughly about twice as large for cyclonic as for anticy-
vergence variations occurs with the passage of the 13 Auclonic systems. This also holds roughly for the magnitude
gust storm. It can be seen that maxima and minima in thexf deformation. For cyclones, the vorticity is continuously
vorticity and divergence curves are mostly related with seapositive within the time window. The largest maximum is
level pressure extremes. Beside the impact of the particulafound for the small triangle 2-3-8 and the smallest one for the
characteristics of an individual synoptic system on the ampli-jarge triangle 1-4-16. Converting vorticity to rotation rates,
tude of the vorticity, divergence, and deformation variations, the composite cyclonic rotation of the ice field is 124fer
the amplitude depends also on the scale of the chosen triantg h for triangle 2-3-8 and 0.6 er 18 h for triangle 1-4-16.
gle. The amplitude generally decreases with increasing scalghe peak composite rotation for triangle 2-3-& at0h is

(not shown). This has been analysed in detail by Rampal eb.14 h-1 (or 2.52 per 18 h). The divergence composite for
al. (2008) and Hutchings et al. (2011).

The Cryosphere, 8, 275288 2014 www.the-cryosphere.net/8/275/2014/



M. Haller et al.: Atmosphere-ice forcing in the transpolar drift stream 281

4 VT, coe . E REeEr i
L 180%E ? . r N .
T S W : o ]
; : : -+ 1 Oct 2006 . s i A
NPT E x o N, £ 0.8 T
".‘ ': ‘.' ’,’\.‘\ ek : S r / 7
H : ; RN O = [ i ]
¥ - . FO A T / d
> 08 f117
e T I 4 > 85°N 7
g [ i/ 07 BO5 May 07 —Sep 07 |
3 i 7 D07 B11 )7 — Sep 07
L 04 S X y ef
s L //k f D07 B16 May 07 — Sep 07
° d
g /7‘ / D08 | May 09 —Sep09 |
€ o2}/ ' . |
,%X }
4
0.0 &\ L L 1 clivvrrrren b b
0 10 20 30 40 50 60
1.0

0.8

85°N - Fram Strait
D07 BO5 Oct 07 — Nov 07
D07 B11 Oct 07 — Nov 07

D07 B16 Oct 07 — Nov 07

D08 |  Oct 09 — Nov 09

Summed Frequency in 1/(cm/s)

0.0 I pe b b b Ll
10 20 30 40 50 60
1.0 R
o B N ,H‘XXXXY 77
E (187 Xxfx*w* - ]
= 5
pa v i
i 0.6 //f
g I & Fram Strait .
S 9% D07 BO5 Dez 07 — Feb 08 |
8 o4 [ D07 B11Dez 07 —Feb 08 __|
('S L 4
T | / D08 | Dez09-Feb10 |
E % 1
Fig. 4. Drift trajectories of all 16 D07 CALIB buoys, the French € o2 o
sailing vesselTara (green), and the D08 PAWS buoys G and | @ T A 4
(black). Dots in trajectories mark buoy position on first day of each 0.0t ‘ N T T R
month. Red square surrounds the DO7 buoy array at the beginning 0 10 o % 40 50 60
on 24 April 2007. For a better visualisation of the ice motion the Drift in cm/s
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on 1 May, 1 July, 1 September, and 1 November 2007. Fig. 5. Histograms of drift velocity for DO7 buoys 5, 11, 16 and D08

buoys G, | for different regions of the transpolar drift. Note that the
curves hold for different years.

cyclones shows predominantly a divergent ice drift within

the time window. It changes from weakly convergent beforeuse the pressure field of the operational ECMWE (European

.to clgarly d|vergen_t after the passage. The average COMPOFE e htre of Medium-Range Weather forecast) analysis. Com-
ite divergence during the first 6 h after the passage amounts

to between 0.05 and 0.2610~% s~ corresponding to a rela- mon to all model approaches is that they come up with a

i ; : . (iecrease of ice concentration of a similar order of magnitude
ive area increase (i.e. area with new open water between 0.1as found here, that is, in a range-60.5 to—2 % per 24 h

and 0.54 % per 6 h). The cyclone impact on sea ice has been ' ' ' '
investigated in numerous model studies using, among others,
different approaches for the atmospheric forcing. For exam-
ple, Haapala et al. (2005) prescribe a moving artificial cy-
clone, Kawaguchi and Mitsudera (2008) prescribe a station-

ary artificial cyclone, and Kriegsmann and Brimmer (2013)
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0.06

tr. Wind Factor

The magnitude of the deformation shows less clear varia- % =
tion during the cyclone passage. However, a weak tendencyg -
is indicated: 7 of 10 triangles show a relative or an absolute i
deformation maximum withint1 h around the cyclone pas- 0.02[————
sage. This fits to the results from coupled ocean—ice model l
simulations of Kriegsmann and Brimmer (2013) who find
the maximum of deformation in the centre of the cyclone.
Deformation is an additional process (in addition to diver-
gence) to change ice concentration. Its effect is usually paFig. 7. Time series of 6-hourly ice drift (top), geostrophic wind
rameterized in numerical sea-ice models. (middle), and geostrophic wind factor (bottom) for all buoys of the

Why is the variation of divergence not symmetric with re- P07 array.
spect to cyclone passage= 0)? This is not obvious a priori.

We propose the following possible explanation. We assume a

rotationally symmetric cyclone which has a band of stronger Passing anticyclonic weather systems cause a negative ice-
wind around and weak wind in the centre. When the cyclonedrift vorticity throughout the 18h time window. The mean
approaches, the wind stress works on a not yet modified ic€omposite vorticity is-0.15x 10-®s~* corresponding to a
field and the ice starts to drift with an angle of about 1@  rotation rate of-0.56" per 18 h averaged over all triangles.
the right of the isobars, thus, leading to convergence. WherT he time sequence of ice-drift divergence during anticyclone
the cyclone leaves the wind stress is basically the same, burassages is also asymmetric with respecttc0 and is op-

now it works on an already modified ice field where the angleposite to that during cyclone passages. Divergence is around
may be larger than 20and where, in addition, the onset of zero before the passage and changes to a distinct conver-
an inertial oscillation caused by the just passed strong windeénce afterwards. The largest convergence occurs 2-3 h after

band may cause a further right-hand turning of the ice driftthe passage. The overall impact of anticyclones is a conver-
and thus leading to an ice-drift divergence. gent ice drift of the order 0f-0.1x 10-9s~1. The deforma-

tion shows no uniform variation for all triangles during the

0.00

Aug Sep 2007
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0.15 : : — : 6 The storm of 13 August 2007
ﬁ = H’\H 1 The composites in Sect. 5 have been calculated for all cy-
iom’ / l ] clones regardless of their amplitude. Single storms, how-
> l 1 ever, can have by far larger amplitudes. The manifold con-
§ /1/ \ sequences which a single strong storm can have, is demon-
8 005, ) | [ 1 strated below with the summer storm passing the D07 ar-
= S L ray on 13 August 2007. To illustrate the synoptic situation,
2 jV ] Fig. 11 shows the sea-level pressure fields every 12 h be-

000l - o - tween 12:00 UTC on 12 August and 00:00 UTC on 14 Au-
0 5 10 15 20 25 30 gust 2007. A cyclone (L1) near Severnaya Zemlya extends a
I Geostr. Wind in m/s trough northward with a strong storm field on the north and
] east side of the trough (12 August, 12:00 UTC). Within the
1 trough, a new cyclone (L2) develops moving westward (13
. August, 00:00 UTC). The storm field reaches the DO7 array
TJ/ ] with the strongest pressure gradient in the southeast of the
array. Cyclone L2 deepens further and takes over the domi-
nating role while simultaneously L1 weakens to a trough (13
August, 12:00 UTC). The storm field north of ex-L1 is still
above the D07 array. Later on 13 August, the wind slows
i down in the southeast part of DO7, but remains strong in the
N north part (14 August, 00:00 UTC).
% ] Figure 12 shows the time series of drift speédof all
- 1 buoys in August. A distinct step-like increase f occurs

25

Ice Drift in cm/s

% s T T s R with the storm andJ; values remain high throughout Au-
= _Gepsin, Wind in s gust and even September. Not all buoys of the array were
§’ - 1 ] affected in the same way. Particularly buoys 2, 3, and 8 in
£ - - the “east” part of the array (see Fig. 4) show periodic os-
% oL TR 1 cillations which continue for several weeks. The mean pe-
< LTy IR riod of the oscillations between 13 and 20 August is close
% °r i to 12h. Both, the buoy trajectories and the ice velocity
3 | hodographs show a right-hand turning of the ice drift super-
G20 — 5 e posed to the mean drift. It cannot be distinguished a priori
Geostr. Wind in m/s whether the oscillation is of inertial or tidal origin since both

have almost identical periods. In Fig. 13, the power spec-
Fig. 8. Frequency distribution of geostrophic wind (top) and vari- tra of the ice-drift vector are presented for two 12-day pe-
ation of magnitude of ice-drift velocity (middle) and deviation an- riods, one before the storm (1-12 August) and the other af-
gle between ice velocity and geostrophic wind (bottom) for variouster the storm (13-24 August). Before the storm, the spectral
magnitudes of the geostrophic wind based on all 16 Damocles Zooz)ower decreases with increasing frequency with embedded
buoys for the period 1 May to 30 September 2007. . . 1 .

small symmetric maxima at1.9 cycles day* which repre-

sent the semi-diurnal tide (Gimbert et al., 2012). After the

passage of the anticyclonic system. For 7 of 10 triangles £'M, the entire spectral power level is higher and a dis-
relative deformation minimum is found within 14 h before tinct maximum occurs at1.9 cycles day* with an ampli-

the passage. Thus, in contrast to cyclones, the deformatiof!de which is at buoy 3 comparable to the mean drift. The
appears to weaken ahead of the anticyclone. This might b&@Ximum represents inertial motions yvhlch are particularly
related to the fact that, because of dynamical constraints, thBronounced at the buoys 2, 3, and 8 in the southeast of the
horizontal pressure distribution across the centre of an antiP07 array where the ice concentration is smallest. Thus,
cyclone cannot be as steep as across the centre of a cyclorf@€ Storm modified the ice conditions within a sub-area of
To which degree this cyclone—anticyclone difference is re-the array (the same sub-area in which already in May/June
flected in the deformation composites for the different trian-1arge Ui/ Ug ratios were found, see Table 3) in a way al-
gles, depending on the scale of the triangle. A smaller trianJowing large amplitudes of the inertial ice motion. Table 4

gle (e.g. 2-3-8) is better suited to reproduce this than a largepnoWs the spatial distribution of the maximum-minimum dif-
triangle (e.g. 1-4-16). ferences of the drift oscillations averaged over the period

13-20 August. The highest maximum-minimum difference
with 16.2cms?! was measured at buoys 2 and 3. Inertial
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Fig. 9. Time series of ice-drift vorticity and divergence in the DO7 buoy triangle 03-10-16 with 2 h resolution (red) and as 12 h running mean
(black) together with the sea-level pressure at buoy 11 in the middle of the triangle. To ease visual correlation the pressure is repeated as thir
curve in the vorticity and divergence panels.

oscillations are not uncommon in the Arctic (Gimbert et al., of the ice field. It is an irreversible process. The relevance

2012). Based on IABP data, Gimbert et al. (2012) analysedo account for the high-frequency component (inertial and

the spatial and seasonal variation of inertial oscillations andidal) of ice drift and deformation in ice models was demon-

found a significant relation between the amplitude of thestrated by Heil and Hibler (2002). They showed that this sub-

oscillations and the main ice properties, concentration andynoptic variability with short-period opening and closing of

thickness (the amplitude is larger when the internal ice forcethe ice cover can increase the generation of new ice by 20 %

is smaller). The maximum ice speed during the storm pasin winter. In summer, this process contributes to an increased

sage amounted to 53 cm’sat buoy 3. This is a large value ice melt.

for the TPD in the North Pole region (the median value there Thus, the impact of a cyclone has two aspects, an instanta-

is 7.5cms?, Table 2) and is otherwise observed only at the neous one and a longer term one. (1) The synoptic wind field

ice edge or in the Fram Strait. of a cyclone causes a more or less instantaneous divergentice
The area change corresponding to the divergence causaettift. (2) Even when the cyclone is gone, the induced inertial

by the storm for the 24 h period from 12:00 UTC on 12 Au- motions continue to work further on the ice field.

gust to 12:00UTC on 13 August is between 0.1 and 3.6 %

depending on the sub-area. This is the integral storm effect;

superimposed on this are oscillations of divergence and vor7 -~ symmary and conclusions

ticity due to the oscillating ice motion. Table 5 shows for

some triangles of the array maxima and minima of diver-within the DAMOCLES research project, 18 ice buoys were
gence and vorticity occurring during the oscillations on 13 deployed in the region of the TPD. Sixteen of them formed a
August. Instantaneous divergence maxima during the oscilsquare of 400 km side length. The measurements covered the
lation amount to 4 times the Integral 54 h]_ dlvergence. Theperiod 2007-2009. The data were used to ana|yse the proper-
peak values for divergence are 16107°s™~ (correspond-  ties of the TPD and the impact of synoptic weather systems
ing to an area change of 0.6 %1 in triangle 2-3-10 and  on the ice drift.

those for vorticity are 2.6% 10-°s™! (corresponding to @ Compared to other studies (e.g. Gascard et al., 2008;
rotation rate of 0.55h~1). The minimum values of diver- Hakkinen et al., 2008; Rampal et al., 2009; Kwok et al.,
gence and vorticity during the oscillation have negative signs013), our Lagrange-type measurements also show that the
but are absolutely smaller so that the above-mentioned inTpD from the Siberian side to Fram Strait was almost twice
tegral effect remains. Opening and closing of the ice deckas fast as 100 years ago during the drift of Norwegian vessel
during the oscillation cycle does not return to the initial state Fram, Within the TPD we find an increase of the drift speed
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Fig. 10. Composite time development of ice-drift vorticity, divergence and magnitude of deformation for 10 different triangles within the
D07 buoy array during cyclone (left) and anticyclone (right) passages. The time is relative to the vorticity maximum (minimum). The buoys
and the number of cases used for each triangle composite are listed in the upper panels. Note the different ordinate scales for cyclones an
anticyclones.

Table 4. Mean maximum—minimum difference of ice-drift oscillations in cndsn the D07 buoy array during the one-week period 13 and
19 August after the cyclone passage on 13 August.

Buoy no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

cms! 79 162 162 - 63 - - 150 - 51 98 - - - - 77

by a factor of almost 3 from the North Pole region towards intervals as it is typically done for satellite-based drift esti-
Fram Strait. The high temporal resolution (1-3 h) of the buoymates, will underestimate the drift speed by 10-20 %.
position fixes shows that the TPD is subjected to many de- The overall geostrophic wind factdy; / Uy in the TPD
tours manifested as curves and circles caused by passirgmounts to 0.012, however, with regional and seasonal dif-
weather systems. If the positions were taken at only 1-3 dayerences. The smallest values occur north of Greenland, the
largest ones in the Fram Strait. Wind factor values are larger
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A _ == ol = Table 5. Maxima and minima of ice-drift divergence and vorticity
13 Aug 12UTC "\ : NS oscillations on 13 August 2007 for eight triangles of the DO7 buoy
‘ ) array.
Fig. 11. Sea-level pressure fields from ECMWF operational analy-
sis on 12 August, 12:00 UTC, 13 August, 00:00 UTC, 13 August, Divergence Vorticity
12:00 UTC, and 14 August, 00:00 UTC together with simultaneous Triangle in107 651 in1076s1
buoy positions. L1 and L2 mark low-pressure centres. Max Min Max Min

02-03-10 1.67 —-1.67 1.93 -147
02-03-08 1.47 —-2.00 2.67 -1.33

Velocity (mis) V/%V\\/\MMM 02-05-10 0.67 —0.47 0.93 —0.40
NS RNY | 02-03-11 1.07 —1.33 2.00 -0.73
T TAMTE LT M 03-10-16 0.47 —0.27 1.00 —0.53

wl,, 03-08-11 1.33 —0.80 2.00 —0.73

MMWM 01-02-05 053 —0.53 1.07 —0.80
8

s gle differencexi—ag with Ug. Spatial differences of/; / Ug
MMl LA PN WY were present within the DO7 buoy array at the beginning of
Wﬂz\ W the field experiment and still existed five months later. This
) UW it \/\/\W 3 demonstrates that characteristics of the ice cover have a long
e b AL AT ifetime.

The influence of synoptic weather systems on the sea ice
1 was studied applying a composite method. Cyclonic weather
123 456 7 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 SyStemS Cause CyClOﬂIC VOftICIty and dlvergence WhereaS an_
August 2007 ticyclonic systems cause anticyclonic vorticity and conver-
Fig. 12.Time series of hourly ice-drift magnitude in the D07 buoy gence of the ice drift. The amplitude of the variations is about
array during August 2007. A different ice-drift regime begins with twice as large for cyclones as for anticyclones. The tempo-
the storm on 13 August. ral evolution of divergence is asymmetric with respect to the
passage time. Maximum values of divergence (convergence)
occur after the cyclone (anticyclone) passage. Typical diver-

in summer than in winter as was also found by other au-9€Nc€ values are 0.1-0.5% per 6 h indicating the generation

thors (e.g. Thorndike and Colony, 1982; Kimura and Wakat-Of 0pen water areas. Causes for the asymmetry are not ex-
suchi, 2000). A distinct deviation from the above-mentioned 2ctly understood, but probably are related to the fact that the
wind factor to higher values occurs foly<5ms as was ~ aPproaching (leaving) system works on yet unmodified (al-
also found by, for example, Thorndike and Colony (1982). "éady modified) ice field.

In contrast to these studies, we find no change of the an-
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:
3
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A strong summer storm caused a step-like rise of drift Hamburg Arctic Ocean buoy drift experiment: meteorolog-
speed which remained over several weeks. In addition, the ical measurements of 16 autonomous drifting ice buoys,
ice cover was modified in a way allowing large amplitudes  doi:10.1594/wdcc/uni_HH_MI_DAMOCLES2002011a.
of inertial ice motion, also remaining over several months.Brimmer, B., Miller, G., Haller, M., Kriegsmann, A, Of-
The storm-related divergence caused an increase of open wa- fermann, M., and Wetzel, C.. DAMOCLES 2008-2011 —
ter areas of up to 3.6% in some parts of the array. Thus, ampurg Arctic Ocean buoy drift experiment: meteorolog-
cyclones have a primary immediate effect (divergence) and a ical measurements of 9 autonomous drifting ‘ice buoys,

. . . . . doi:10.1594/wcdc/uni_HH_MI_DAMOCLES2002011b.
secondary subsequent effect (inertial motion) on the ice field 5, carg. 3 -C. Festy 3 Le Goff. H. Weber. M.. Brimmer. B.

Following the studies of an increased cyclone frequency in - offermann, M., Doble, M., Wadhams, P., Forsberg, R., Han-
the Arctic (e.g. Affeld, 2003; Zhang et al., 2004; Serreze and  son, S., Skourup, H., Gerland, S., Nicolaus, M., Metaxian, J.-P.,
Barrett, 2008; Haller, 2011) and combining them with ourre-  Grangeon, J., Haapala, J., Rinne, E., Haas, C., Heygster, G., Ja-
sults, this must have been accompanied by an increased ice- cobson, E., Palo, T., Wilkinson, J., Kaleschke, L., Claffey, K.,
drift divergence and by corresponding, previously mentioned Elder, B., and Bottenheim, J.: Exploring Arctic transpolar drift
different consequences in summer (more ice melt) and winter during dramatic sea ice retreat, EOS Transactions, 89, 21-28,
(more ice formation). Whether the observed long-term accel-_ 2008 _ _ _
eration of the speed of the TPD is more a direct consequenc@'ggzriie':'i h?rzzins’cﬁiét\i/x?:?ﬁ *:HGJZ‘;;S';A 'glilnc'-ll t?:(ér?/?)rsnpl)ﬁre’r?
o e Iceasen ycone sy s s 2 Noher SUISCe ¢ i 120t dansisatco 1187 012013

. . . . Haapala, J., Lonnroth, N., and Stdssel, A.: A numerical study of
cyclone-related ice divergence and thus a smaller.mte.r.na.ll i€ 5hen water formation in sea ice. J. Geophys. Res., 110, C09011,
stress cannot be answered here, but is an open scientific issue. qoi-10.1029/2003JC002202005.

For the period 2001-2009, Kwok et al. (2013) find large spa-Hakkinen, S., Proshutinsky, A., and Ashik, I.: Sea ice drift in

tially averaged drift speed trends of about 20 % per decade the Arctic since the 1950s, Geophys. Res. Lett., 35, L19704,
but much smaller wind speed trends. This underlines the im- doi:10.1029/2008GL034792008.

portance of the indirect effect of the wind forcing which is to Haller, M.. Arktische Zyklonen und Meereeisdrift wéahrend der

reduce the internal ice stress. DAMOCLES-Bojenexperimente 2007-2010, PhD thesis, 201

Our measurements also show that already a single storm, PP-, University Hamburg, Germany, 2011.
when exceeding certain thresholds, can have long-term conf7€il: P-and Hibler lil, W. D.: Modeling the high-frequency compo-
sequences for the ice cover (at least in summer). Perovich nent of Arctic sea ice drift and deformation, J. Phys. Oceanogr.,
et al. (2012) argue that a severe storm in August 2012 (th 32, 3039-3057, 2002. . .

C N . . > ?—iutchlngs, J., Roberts, A., Geiger, C., and Richter-Menge, J.: Spa-
year with the Iate,St record. ice extent'mlnlmu.m in September) tial and temporal characterisation of sea ice deformation, Ann.
accelerated the ice loss in the Pacific Arctic. Exceeding of gjaciol., 52, 360-368, 2011.
thresholds means both thresholds of the atmospheric forcingjutchings, J., Heil, P., Steer, A., and Hibler 1ll, W. D.: Subsynop-
and thresholds of the properties of the ice deck. Because of tic scale spatial variability of sea ice deformation in the west-
the non-linearity implied by these thresholds the simulation ern Weddell Sea during early summer, J. Geophys. Res., 117,
and prognosis of the Arctic ice cover remains a challenging €01002, doil0.1029/2011JC006962012.
sensitive task. Kawaguchi, Y. and Mitsudera, H.: A numerical study of ice-drift

divergence by cyclonic wind with a Lagrangian ice model, Tellus
A, 60, 789-802, 2008.
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