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Abstract. A combined interpretation of synthetic aperture lated freezing-degree-day thicknesses with a factor of 0.87—
radar (SAR) satellite images and helicopter electromagneti®.89, which was too low to justify the assumption of homo-
(HEM) sea-ice thickness data has provided an estimate offeneous thermodynamic growth conditions in the area, or in-
sea-ice volume formed in Laptev Sea polynyas during thedicates a strong dynamic thickening of level ice by rafting of
winter of 2007/08. The evolution of the surveyed sea-ice ar-even thicker ice.
eas, which were formed between late December 2007 and
middle April 2008, was tracked using a series of SAR im-
ages with a sampling interval of 2—3 days. Approximately
160 km of HEM data recorded in April 2008 provided sea- 1 Introduction
ice thicknesses along profiles that transected sea ice vary-
ing in age from 1 to 116 days. For the volume estimates,The coastal regions of the Arctic Ocean are characterized
thickness information along the HEM profiles was extrap- by transition zones between landfast and freely drifting sea
olated to zones of the same age. The error of areal meaite during wintertime. The shoreward edges of these zones
thickness information was estimated to be between 0.2 ntorrelate in many cases with the 20 m isobaReiMmnitz
for younger ice and up to 1.55m for older ice, with the et al, 1994. When local winds are directed away from
primary error source being the spatially limited HEM cov- the coast, open water, or so-called latent heat polynyas, is
erage. Our results have demonstrated that the modal thickgenerated. The majority of Arctic polynyas reoccur along
nesses and mean thicknesses of level ice correlated with thiée coasts of Siberia, Alaska, and the western Canadian
sea-ice age, but that varying dynamic and thermodynami@rchipelago. The quasi-perennial polynyas of the Laptev Sea
sea-ice growth conditions resulted in a rather heterogeneougxtend almost 2000 km along the coast and can be sev-
sea-ice thickness distribution on scales of tens of kilome-eral hundred kilometers wide. Followirgakharov(1966,
ters. Taking all uncertainties into account, total sea-ice aredhe prominent polynyas in the Laptev Sea are the Anabar—
and volume produced within the entire surveyed area werd-ena (AL), eastern Severnaya Zemlya (ESZ), north-eastern
52 650 kn? and 936+ 26.6 km®. The surveyed polynya con- Taymyr, New Siberian (NS), Taymyr (T), and western New
tributed 20+ 0.5% of the sea-ice produced throughout the Siberian (WNS) polynyas (Fid). After initial freeze-up and
Arctic during the 2007/08 winter. The SAR-HEM volume es- before the onset of melting, the formation of sea-ice area in
timate compares well with the 112 Krice production calcu-  the Arctic Ocean is limited to polynyas and leads in the sea-
lated with a high-resolution ocean sea-ice model. Measuredce cover. Their importance for the maintenance of the Arctic
modal and mean-level ice thicknesses correlate with calcusea-ice volume and their impact on stratification in the Arctic
Ocean is not completely understood.
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Fig. 1. Map of the Laptev Sea showing three distinct sea-ice components: fast ice, pack ice, and polynyas. Black solid and dashed lines
delineate the mean lateral extent of fast ice and beginning of pack ice, respectively, at the end of winter. Polynyas that form between the
two lines are the Anabar-Lena (AL), eastern Severnaya Zemlya (ESZ), north-eastern Taymyr (NET), New Siberian (NS), Taymyr (T), and
western New Siberian (WNS) polynyas. Gray scale corresponds to the bathySwitith @nd Sandwelll997). Blue area is the surveyed

area comprising sea ice that formed during and after polynya openings between December 2007 and April 2008. Red line defines the outel
skirt of the Laptev Sea. The blue and yellow frames indicate the outline of the areas shown Bd¥ig5s.

The Laptev Sea polynyas have been discussed in terms dfasis of satellite-derived thin ice data in the study\dimes
ice production and the generation of higher saline water byet al.(2011). The sea-ice production definitions used in these
several authorZgkharoy 1966 Cavalieri and Martin1994 investigations did not account for the evolution of sea-ice
Dethleff et al, 1998 Dmitrenko et al. 2005 2009 Willmes volume after the actual polynya events in the consolidating
et al, 2010. Dmitrenko et al.(2009 have estimated the ice areas.
mean annual net sea-ice production in the entire Laptev Sea Here, we present an estimate of polynya sea-ice volume
to be between 750 kfrand 1450 krA on the basis of salin-  production in the Laptev Sea based on sea-ice area informa-
ity observations within the upper 50 m of the water column. tion derived from synthetic aperture radar (SAR) satellite im-
Annual sea-ice production rates for polynyas in the Laptevages and helicopter electromagnetic (HEM) measurements
Sea have been estimated on the basis of net heat loss froof sea-ice thickness. In contrast to previous studies, we ob-
ocean to atmosphere Wyethleff et al.(1998 258 kn? for tain sea-ice area and thickness directly with these methods.
the 1990/91 winter)WWinsor and Bjork(200Q an average of  Since our volume estimates account for the evolution of sea-
43 kn? for 1958-1997) antillmes et al.(2011, 55 kn?, av- ice thickness after the formation of the polynyas, they can-
erage 1979-2008). These three studies differed in their defrot be directly compared with polynya production rates from
inition of the polynya area: fixed in the study Bfethleff previous studies. The HEM measurements were made dur-
et al. (1998, varied according to atmospheric conditions in ing the Russian—German TRANSDRIFT XllI expedition to
the study ofwinsor and Bjork{(2000, and determined on the Tiksi (Krumpen et al.2011). These data enable us to make a
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Fig. 2. Atmospheric data (NCEP/DOE, 6-hourly) for the 2007/2008 winter study period. Vectors along top of diagram show wind velocities
(speeds and directions) of air flow (north-directed reference vector has 1 apsed), and main diagram depicts air temperatures 2m
above the ice surface. Each value represents a single point nominally in the center of the area of interest. Colored frames identify four
polynya opening events. The fifth polynya event occurred after the HEM survey and is not considered in this study.

detailed analysis of thickness distributions for sea ice rangingall the subsequent scenes. We used SAR images generated
in age from 1 to 116 days. by the wide-swath C-band antenna on ESA's Environmen-

tal Satellite (Envisat). The data were VV polarized and had

a spatial resolution of 159150 m. A subset of images cover-
2 Surveyed area, period and atmospheric conditions ing a region of 600 km in a north—south direction and 300 km

in an east-west direction was analyzed over a 116-day pe-
Our sea-ice area, thickness and volume estimates were maggqd. The output of our analysis were maps delineating dif-
for a region covering the eastern part of the AL polynya ferent areas of sea ice, each having an approximately com-
and the southern part of the WNS polynya (Fi§. On av-  mon formation time (Fig3). The shapes of newly formed
erage, these two polynyas are responsible for 57 % of thgce change with progressing time and could be tracked for
entire polynya ice production in the Laptev Se&lilimes  approximately 3 months before they became blurred, thus
etal, 2011). We have analyzed SAR satellite images for the gecreasing the accuracy of the area and age estimates. To
time period 21 December 2007-16 April 2008. During this compensate for the decreasing accuracy, we merged several

period, four major polynya opening events were generateg|der areas (see for example the green areas ir8Big.
by southerly or easterly winds (Fig). Temperatures were

mostly around-30°C until the end of March when tempera-
tures increased to abou20°C. According towillmes et al.
(2011, the 2007/2008 winter was characterized by slightly
lower than average polynya activity in the Laptev Sea.

3.2 HEM sea-ice thickness determination

Electromagnetic induction methods have been used for sea-
ice thickness determinations since the 1970s. They were first
applied on the ice surface §inha(1976 and from a he-

3  Methods licopter by Kovacs and Holladay1990. Since then, a va-
riety of sea-ice thickness studies have incorporated the re-
3.1 SAR sea-ice tracking sults of airborne EM surveys (e.@¢4ultala et al, 1996 Prin-

senberg et 812002 Rabenstein et g12010. For our study,

Several studies have shown that satellite SAR images arthe helicopter EM-Bird from the Alfred Wegener Institute
suitable for the manual tracking of such distinct ice features(AWI) was employed laas et a].2009 and the helicopter
as perimeter shapes and ice ridgdal({ and Rothrock1981; used was a Russian Mi-8. The EM signal was sampled 10
Leberl et al, 1983 Curlander et a).1985 Carsey and HoJt  times per second, which for the average helicopter speed of
1987. In the SAR images used in this study, newly formed 150 km ! provided a sample spacing of 4 m. The AWI EM-
seaice was distinct, since it produced either a low backscatteBird is especially designed for sea-ice thickness determina-
image or, when frost flowers occurred, a very-high backscattion. Its 3.6 kHz horizontal coplanar antenna loops are insen-
ter image Nghiem et al. 1997, relative to the surrounding sitive to the electrically resistive sea-ice layer but produced
old ice. The known location of the fast ice edge and visi- a good signal from the conductive ocean. As a consequence,
ble drift in two subsequent images was of additional help tothe EM signal is inverse proportional to the height of the an-
identify new-ice areas. tenna above the ocean, such that the signal can be inverted

The aim of our SAR sea-ice tracking was to delineate areador height, regardless of whether sea ice or air is between the
where new sea ice formed between sequential SAR scenemntenna and oceaRfaffling et al, 2007); the ocean EM re-
(every 2-3 days) and to follow the drift of these areas onsponse for different flight heights can be calculated on the

www.the-cryosphere.net/7/947/2013/ The Cryosphere, 7, 9459, 2013
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Fig. 3. Snapshots of sea-ice tracking on SAR satellite images. Areas contain sea ice formed after polynya opening events along the fast ice
edge between 21 December 2007 and 14 April 2008: green — event 1 (December), yellow — event 2 (January), orange — event 3 (March), anc
blue — event 4 (April). Red lines iff) are HEM sea-ice thickness profiles

basis of a 1-D modelKeller and Frischknecht1966. A 2009. However, since the footprint effect acts like a smooth-
laser altimeter is used to determine the vertical distance being average filter along the transect, the mean thickness for
tween the EM coils and the snow or ice surface, thus allow-a sufficiently long transect is within the specified 0.1 m accu-
ing the combined snow and sea-ice thicknesses to be estracy Hendricks 2009. To improve the accuracy of HEM ice
mated. For a typical flight height of 10-15 m, the accuracy ofthickness estimates, the EM-Bird was calibrated over open
the combined snow and ice thicknesses was 0.Bfaffling water. Unfortunately, strong variations of surface-water elec-
and Reid2009. Since we are primarily interested in sea-ice trical conductivity in the region of interest hampered the open
thickness, we need to independently determine snow thickwater calibrations. From in situ measurements, a surface-
ness. Fortunately, snow thickness in the survey region wasvater electrical conductivity range of 2.28 Strclose to the
on average smaller than 0.1 m based on several in situ spdtena River mouth to 2.5 St 140 km north of the river was
measurements on the fast ice. observed Krumpen et al.2011). We took this range as the
The HEM instrument averaged the ice thickness within itsworst-case scenario for changes of sea-water electrical con-
footprint, which was approximately 70 m for the inphase sig- ductivity during one flight without recalibration, although we
nal of the AWI EM-Bird towed at a height of 15m. Conse- have no detailed information of the conductivity distribution
quently, the instrument may have underestimated maximunbetween our in situ measurement spots. Assuming this worst-
thicknesses of ice ridges by up to 75 ®¢ffling and Reid  case variation, our thickness estimates may have an error of
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50'000 ‘ ‘ —_— within 3 months to approximately 1000 m. The total area of
[ opening Event 1 [[] Opening Event 3 sea ice formed in the survey area during the study period was
40000| [ Opening Event2 [Nl Opening Event4 estimated to~ 52650kn?.
%30'000 """""""""""""""""""""""""""" 4.2 Sea-ice thickness distribution
2
20000} Red lines in Fig3 identify the HEM sea-ice thickness pro-
files flown on 14 and 16 April. A relatively slow southward-
10'0001 directed sea-ice drift of 1.6 km between these two days was
taken into account in assigning the HEM thicknesses to the
0 , , , ; sea-ice areas of different age in Fig. Profiles covering
0 20 40 60 80 100 sections of different age are coded 14a—m for the 13 sec-

Days from December 21,2007 tions recorded on 14 April and 16a—h for the 8 sections

Fig. 4. Evolution of sea-ice area in Khformed after polynya open- re_zcorded on 16 April. C_orre_sponding thicknegs transects and
ings along the fast ice edge: green — event 1 (December), yeIIov\_r"St()gralms are shown in Figé and7. We applied the level

— event 2 (January), orange — event 3 (March), and blue — event 4ce filter of _Rabenstein_ et al(2010 to all th?cknc_ass data_
(April). in order to isolate sections of undeformed ice (i.e., sea ice

formed from simple freezing processes). This filter identified
> 100m lengths of level ice over which the average thickness

as much as 0.2m for a typical flight height of 15m. A more change per length was below 0.04 m per 4 m, which was one
detailed description of sea-ice thickness determination usSample interval. Sections of level ice are marked dark gray in
ing the airborne electromagnetic method is providetiags  the profiles of Fig6, and histograms of level ice are green in

et al.(2009. Fig. 7.
The youngest surveyed sea ice originated during event 4. It

was 7, 16, and 28 days old (blue sections in Figé.and?7).
4 Results and discussion The 7-day-old ice was mostly level, had mean thicknesses of
0.2-0.7 m and became thicker with increasing offshore dis-
There are four polynya opening events described below irfance (e.g., section 14k 8). This increase in thickness was
terms of sea-ice production. A summary is provided in Ta-due to the increasing age of the sea ice by one day or so with

ble 1. distance and the higher probability of rafting directed away
from the fast ice edgeKfumpen et al.2017). A somewhat
4.1 Sea-ice area production surprising result was the thick 16-day-old ice in sections 16¢

and 16f, with mean thicknesses of 1.9 and 2.4 m. Accord-

The spatial and temporal evolution of the tracked sea ice proing to the SAR images, this 16-day-old ice began forming on
duced during the four polynya events is shown in F&jand March 28, and convergence with surrounding floes on March
4. The first polynya event from the end of December (colored30 caused a reduction of the freshly produced sea-ice area by
green in Figs2, 3 and4) resulted in~ 27000kn? of seaice 60 %. Consequently, sections 16¢ and 16f mostly comprise
formed within 10 days. It was followed by the second eventheavily deformed ice (e.g., piled rubble of thin ice blocks)
at the end of January when 12000kn? of sea ice formed and only small areas of level sea ice. However, such large
within 9 days (colored yellow). Approximately 2650 Krof mean thicknesses cannot be explained with the observed area
sea ice were generated during the third polynya event on 4eduction alone, and are therefore not representative. It is
March (colored orange) and roughly 11 000%mere pro-  more likely that the thickness profile transected singular ex-
duced in a 25-day period during the last series of openingreme features within this very irregularly shaped area (see
events between March 13 and the beginning of April (col- Fig. 5).
ored blue). Area sizes changed after the initial polynya event Sea ice from event 3 (marked orange in Figs. 5, 6 and 7)
due to convergent or divergent ice drift (F§). A clear de-  differed in its degree of deformation. Sections 14c and 14d
crease of about 5000 Knwas observed for areas of the first (Fig. 6) are 47 days old. They have a much smaller percent-
opening event 36—43 days after its origin (F43}. age of level ice than the 49-day-old sea-ice in section 16b

Establishing general error bounds for the sea-ice area estfrom the same event. Mean overall thicknesses of sea ice
mates can be challenging, because the backscatter contrasttong all sections from event 3 are in the range of 1.1-1.5m
decrease as the new ice ages, making it difficult to map withand level ice thicknesses from 0.6 to 0.8 m. The thickest sea
confidence. Consequently, we can only state that the accuee of event 3 is estimated to be5m. It occurs along sec-
racy of picking is in the order of the pixel scale (150 m) for tion 16b, directly at the polynya edge adjacent to young,
the early stages of ice production, progressively decreasingewly produced sea ice. Because of the 70 m footprint of the
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Fig. 5. Map with all HEM sea-ice thickness profiles. Northern and southern profiles flown on 14 and 16 April are coded 14a—m and 16a—h,
respectively. Circle colors refer to the polynya events in which the respective surveyed sea ice formed (for color code, see Table 1). The
yellow lines on the SAR map show a classification of the survey area in zones of the same age. The blue colors refer to the mean thickness

of the corresponding HEM cross profile.

Table 1. Parameters of sea ice originated during the four polynya events, estimated for the state on 14-16 April.

Event Month  Color Age Area Mean Mean Thickness  Volume Volume Level Ice
Code  (days) (k) Thickness (m) Error (m) (k@)  Error (knP)  Thickness (m)

1 Dec green  104-116 27000 2.5-2.6 4.6 64.8 20.3 1.9

2 Jan yellow 75-84 12000 1.2-2.8 1.6 19.8 4.3 1.0-1.8

3 Mar orange 41 2650 1.1-1.4 0.4 25 0.8 0.6-0.8

4 Apr blue 7-28 11000 0.2-2.4 6.2 6.6 1.2 0.2-0.7

Total 7-116 52650 0.2-2.8 0.2-1.6 93.6 27 0.2-1.9

@ Due to lack of representative HEM thickness transects, set to the same value as the January event.
b without the exceptional thick ice of section 16¢ and 16f.

HEM instrument, the maximum thickness could be as muchice thicknesses in areas of exactly the same age can vary by
as~ 10m. ~ 0.2m in our dataset. A possible mechanism causing such
The second oldest ice is from event 2 (marked yellow inlarge thickness differences for equally old level ice is raft-
Figs.5, 6 and7). It shows a surprising variability for an age ing, which has the potential to produce thicknesses between
range of only 73-82 days. Mean ice thickness varies betweef and 6 m as was reported in several publications, which are

1.2 and 2.8 m and level ice thickness between 0.9 and 1.8 msummarized irBabko et al.(2002. However, when linking
After taking into account a very high HEM calibration error level ice thicknesses to thermodynamic growth (i.e., no raft-
of 0.2 m and another 0.1 m of uncertainty due to snow covering), reasons for such differences have to be caused by dif-
(estimated from point measurements on the fast ice), ouferent heat flows from the ocean, a changing snowfall pattern
observations suggest that 82-day old level ice can be 0.7 nand/or different air temperatures associated with open leads

thicker than sea ice that is only 9 days younger. Even levein the ice cover.

The Cryosphere, 7, 947959 2013 www.the-cryosphere.net/7/947/2013/
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Fig. 6. Results of all HEM profiles shown in Fig. For visualization, results are shown as draft—freeboard profiles, where a freeboard—draft
ratio of 0.89 was assumed. Text boxes next to each draft—freeboard plot show age, mean thickness, and level ice thickness of the correspondin
subsection. Zones of level ice in the profiles are highlighted dark. Circle colors refer to the polynya events in which the respective sea-ice
profiles originated (for color code, see Table 1).

The oldest surveyed sections 14e and 14j (marked green id.3 Sea-ice volume production
Figs.5, 6 and7) originated during event 1 and were approxi-

mately 104 days old. They had mean ice thicknesses of 2.5 L r i
and 2.6 m. Only section 14e contained a small and therefo We assume that a good approximation of new seaice vol

. Sr%me in each region is the product of area with a represen-

. : . ative mean thickness. We distinguish between two cases of

0;1'9 m. NeI\I/ertheIess, tze hlztog;azmoof secr:]t'lorr: 14e| dﬂ?)lg-_ mean thickness estimate. For the first case, the HEM profile
tserovr\:est: d"‘f’; tﬁ;?:%“”ﬁ()ﬁﬂﬂ;; icé ren, w lczoc(:)ou € N crossed the area of interest, while the mean HEM thickness
P v (elgaas 2004). along the section was assumed to be representative of the
entire area, and the thickness error was set to the HEM mea-

surement error of 0.2 m. For the second case, no HEM profile
crossed the area of interest, while the thickness estimate was
taken from areas of the same age that had been crossed by
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Fig. 7. Sea-ice thickness histograms of profiles shown in Fagsd6. Red histogram and axis on the left side of each diagram are for all ice
thicknesses, whereas green histogram and axis on the right side of each diagram are for level ice only. No level ice was present in section 16f
Lengths of profiles and ages of the ice are shown in each diagram. Circle colors refer to the polynya events in which the respective sea-ice
profiles originated (for color code, see Table 1).

an HEM profile, and the thickness error was presumed to bevere not taken into account for the second case error estima-
equal to the respective range of mean thicknesses. There aten.

several exceptions to these two cases. Since areas of eventVolume errors are highest for the areas of event 1, since
1 were not well sampled by HEM measurements (only secimost of them are not covered by HEM measurements, and
tions 14e and 14j in FigsH, 6 and7), we set their thick- smallest for event 4, where only three areas were not sampled
ness error bounds to those of event 2. Mean thicknesses dfy HEM recordings (Tabl&). Taking into account all errors
the two exceptionally thick and deformed sections associatednd assumptions, the volumes of sea ice on 14-16 April that
with event 4 (16c and 16f in Fig$, 6 and7) are considered formed during events 1-4 are 84t 20.3, 198+ 4.3, 25+
outliers, because no comparable area loss and related defdd-8, and 664 1.2km?, respectively (Tabld). In total, the
mation were observed elsewhere in the study region. Thegea-ice production amounted to- 827 kn?.
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Fig. 9. Ice thickness versus age. Lines were calculated using a thermodynamic 1-D freezing-degree-day model base&) for &ige (
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(error bars show standard deviations within the corresponding HEM thickness pibfiljodal thicknesses (maxima of the histograms in
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4.3.1 Comparison of sea-ice volume to other studies the polynya ice after it left a defined polynya area and is thus
expected to be larger. We consider a comparison between our

It is not possible to quantitatively compare our total sea-iceestimate and the output of a coupled ocean sea-ice model for

volume estimate to the results Dethleff et al.(1998, Win-  the same region and period to be more meaningful.
sor and BjorK2000 andWillmes et al (2011); we calculated We have conducted a model study simulating sea-ice pro-

a total sea-ice volume for a single two-day period (14—16duction for the same region and time as our field investi-
April) over a relatively large area, whereas the other stud-gation. The model was a high-resolution (1/12 degree hor-
ies integrated thin ice production rates over time within well- izontally) version of the NAOSIM coupled ocean sea-ice
defined polynya areas. Our estimate includes the evolution ofmodel Fieg et al, 2010. The model consisted of a modified
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MOM2 ocean model coupled to dynamic—thermodynamicTable 2. Parameters for the freezing-degree-day model: Eq. (1).
sea ice Mdibler, 1979. It included the Arctic Ocean, the

Nordic seas, and the northern North Atlantic Ocean toN60 ki 2.03wnrlk-1
on a rotated spherical grid. The boundaries were open. The ks 0.31Wnrlk-1
atmospheric surface forcing was calculated from daily and Ct 0.24wnrik-1
6-hourly (wind) NCEP data. The zones of immobile land- Oi 920 kgm 3
fastened sea ice were determined by MODIS satellite obser- L 295kJkg!
vations Adams et al.2011;, Rozman et a).2011). We have Ty —1.865°C

analyzed mean model output from the end of December 2007

to the middle of April 2008. Table 3. Linear correlation coefficients between observed

. MaF’S O_f mean sea-ice thickness based on our SAR'HE_'vlnean/modal/level thickness and modeled thermodynamic thick-
investigation and the NAOSIM model output are compared inpags.

Fig. 8. The sea-ice area highlighted in F&p is 49 800 kr#,

assuming a complete sea-ice coverage for each grid cell. Model Total Mean Modal Level Mean
The ice volume within the polygon of Figb is 112.2 km Database Thickness  Thickness  Thickness
gzdi gii#lﬂ:m t(;lde range r?f our _SAR-HEMl estlmate (Tf NCEP 067 0.89 0.88

- In-addition to the consistent total sea-ice vol- COSMO 1 0.68 0.89 0.89
umes, the general distributions of ice thicknesses in &ig. COSMO 2 0.68 0.88 0.87

and8b are similar, with most of the thickest ice in the middle
and northern regions and some of the thinnest ice near the

southern and eastern margins of the maps. Despite this 987X 4 direct consequence of assumptions 2 and 3, we multi-
eral agreement between both methods, in detail the thicknesa our 94 27kn? sea-ice volume determination ,b three
distributions differ owing to three facts: (1) the fast ice edge Py y

in the NAOSIM model is based on monthly means: (2) theto estimate the ent_lre production within the AL and WNS
polynyas. Assumption 1 then allows us to estimate polynya

model resolution is with 1/12 degree (9 km) still coarse; andsea-ice production for the entire Laptev Sea to be around

(3) the_SAR-HEM approach has an averaging effect due to494:i: 143kn?. This rough estimate suggests that around
the limited coverage of the thickness measurements. Know-

. ) 4 % % of the L -i I is within i
ing that the total sea-ice volume of the NAOSIM model out- 34 % 10 659% of the Laptev Sea sea-ice volume is within ice

o . . r hat origin in polynyas. We str hat th rgu-
putis in good agreement with our SAR-HEM sea-ice vqumea eas that o g ated in poly yas. We St ess t at_t ese argu

L . ) ments and estimates need to be viewed with caution, because
estimations, we can quantify for the modeled Arctic Ocean

that ice volume in the surveved area was 6.2% of all thewe mix an annual average with measurements from one win-
. . Y . . . ter(2007/08), an®mitrenko et al(2009 themselves did not
ice volume present in the Laptev Sea as defined in Fig.

. : . 2’ suggest any quantitative use of their estimate. For all compar-
0,
gcsé):nk?;% 328 fﬁ;f 0/; iffsi”plrﬁle volume in the entire Arctic isons, it is useful to know that the 2007/08 winter had below

. ver lyn tivity in the Laptev ilm t al,
We can also assess the relevance of our total sea-ice vo _0e1]§1 g€ polynya activity e Laptev Sedlifmes et a

m im for the entire L v mparing i . .

ume estimate for the e.t e Laptev Sea bY comparing it The relevance of our sea-ice volume estimate for the en-

with the results of sea-ice volume calculations made by,. . . )
. . . “’tire Arctic Ocean leads to somewhat different results as in

Dmitrenko et al(2009. On the basis of surface-water salin- . .

. . ) the NAOSIM model, when we compare it to the calculations

ity measurements, their average yearly sea-ice volume pro- o : . .
. o : of Arctic-wide sea-ice volume based on satellite laser altime-

duction within the entire Laptev Sea amounts to a numbe

r ;
between 750 ki and 1450 ki, which is roughly 8 to 15 try freeboard data (ICESat) published Kwok et al.(2009.

times our estimated sea-ice volume. The contribution of a”They calculated the total volume of sea ice in the Arctic
Laptev Sea polynyas to the value range of 750 to 1459 km Ocean averaged over a period of 35 days in February/March

can roughly be estimated on the basis of the following as-.2008 o be.approximately 14000 Rrand the Arctic-wide
sumptions (Figl): ice production betw_een October _2007 and March 2(_)08 to
: be 4500 km. Accordingly, our estimate of 94 27kn? is
1. Willmes et a|(201]) found that on average 57 % of the 0.740.2 % of the entire Arctic sea-ice volume an®20.5%
p0|ynya_re|ated ice production takes p|ace within the of the Arctic-wide seasonal ice prOdUCtion in the 2007/08
AL and WNS polynyas; winter. Moreover, our extrapolation of sea-ice production to
all Laptev Sea polynyas (494143kn?) is 3.5+ 1% of the
2. our survey covers ice that originated in polynyas alongentire Arctic sea-ice volume and 303 % of the Arctic-wide
one-third of the fast ice edge of the AL and WNS sea-ice volume production in the 2007/08 winter.

polynyas;

3. the yearly polynya ice production is equally distributed
along the fast ice edge of the AL and WNS polynyas.
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2. For the second set of calculations (solid black lines in
Fig. 9), we used 1-hourly data resulting from COSMO
(Consortium for Small-Scale Modeling) simulations
made for the Laptev Sea I8chroeder et a(2011). In
contrast to the NCEP/DOE reanalysis data, the COSMO
dataset incorporates the impact of the polynyas on the
atmospheric boundary layer. Snow cover was set to
0.1 m for this set of calculations. Estimated modal and

4.4 Age vs. thickness relations

Our SAR-HEM data allow us to study the correlation be-

tween thickness and age of first year ice. We differentiate be-
tween three thickness statistics: the mean-overall, modal, and
mean-level thicknesses. Theoretically, the thermodynamic
growth of sea ice can be predicted as long as the heat bud-
get of the ice surface is known. A straightforward way to

calculate the thermodynamic growth of thin seaice isthe 1-  mean-level ice thicknesses tend to be smaller than those

D freezing-degree-day model presentedNtgykut (1986, determined from this second set of calculations (Biyg.
which assumes that the temperature gradient within the ice is  ¢).

linear:
3. The third set of calculations (dashed black lines in
H2 4 [%hﬁ ﬁ} H = &9, (1) Fig. 9) was the same as the second set, except that
ks Gt piL snow cover was increased to 0.2m and air tempera-

whereH is the ice thicknesg; andks the thermal conductiv- ture was increased by°E relative to the COSMO data.

ities of ice and snow respectivelys the snow thicknes<(;
a sensible and latent heat transfer coefficienthe density
of sea ice,L the latent heat, ané the freezing degree days

The curve resulting from this third set of calculations
matches some of the estimated modal and mean-level
ice thicknesses better than that resulting from the sec-
ond set of calculations. Points below a model curve im-

described by the following integral: ply thinner ice than physically possible for the given at-

fend mospheric parameters.

f = / (Tt — Ty dr, @) Linear correlation coefficients between modeled and esti-
10 mated thicknesses for all three sets of calculations are listed
in Table 3. Figure9a and Table3 demonstrate that mean-
overall thickness is not strongly dependent on the age of
sea ice that is at least 16 days old. Differences in mean
thickness of equally old ice can be as high as 1.55m, and
the correlation coefficient between mean-overall thickness
and age is only 0.68. This low correlation is not surpris-
ing, because mean-overall thickness is strongly influenced by
such dynamic growth processes as ridging and rafting (e.g.,
The validity of these parameters for the conditions in the Thorndike et al. 1975 Parmerte and Coorl972 Babko
Laptev Sea was shown rumpen et al(2011). Thickness- et al, 2002, which are rather chaotic processes that are de-
versus-age plots are presented in BigStandard deviations pendent on local wind conditions. This weak dependence is
of the three thickness statistics (error bars in Bjgdescribe  the reason for the comparatively large error bounds in our
the natural variability of ice thickness along the HEM pro- sea-ice volume estimates for areas not crossed by the HEM
files. This variability is largest for the mean-overall thick- profiles. Relatively high correlations are observed between
ness, for which all ice classes are considered. The 1-D therthe modal and mean-level thicknesses and age 9big: and
modynamic growth of sea ice was calculated for one po-Table3). Such high correlations are expected, since these two
sition close to the polynya edge for three different atmo-thickness statistics are assumed to reflect the thermodynamic
spheric scenarios by solving E®) (n the manner described growth of ice (e.g.Haas 2004. Nevertheless, differences in
by Krumpen et al(2011). This growth is represented by the modal and mean-level ice thicknesses for ice of the same age
continuous lines in FigP. can be as large as 0.6 m. From this observation, one could
) . ) ) conclude that thermodynamic growth conditions can vary
1. Forthe first set of calculations (greenlinesin Bgwe g hstantially within the surveyed region, such that a 1-D ther-
used the air temperature data 2m above ground takef},qqynamic growth model for one position in the survey area
from the 6h NCEP/DOE reanalysis atmospheric forc- cannot explain the variety of different level ice thicknesses
ing fields Kanamitsu et a].2002. These calculations  ithin areas of the same sea-ice age. Alternatively, and as
do not account for snow coverage. NCEP data do NOtyentioned above, another reason for variable level ice thick-
consider the open water area of polynyas, such thaj,asses although atmospheric conditions are similar is rafting,

air temperatures are underestimated and sea-ice growtf}ich can also affect thicker sea id@abko et al, 2002.
is overestimated. According t&rnsdorf et al.(2011),

NCEP/DOE data overestimate temperatures by as much
as 1.7 K close to the Laptev Sea polynyas.

whereTs is the freezing temperature of sea watgythe air
temperature, andy corresponds to 21 December 2007 and
tengto 16 April 2008. For;, ks, Ct, L andpj, we used aver-
age values suggested Maykut (1986 (Table 2) such that
Eq. (1) becomes

H?+ (131hs+ 16.8) H = 12.99. (3)
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