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Abstract. Sea ice volume has decreased in the last decaded, Introduction

evoked by changes in sea ice area and thickness. Estimates

of sea ice area and thickness rely on a number of geophysicdkemotely sensed estimates of sea ice area and thickness re-

parameters which introduce large uncertainties. To quantifyveal a dramatic decline in Arctic sea ice volume in the last

these uncertainties we use freeboard retrievals from ICESajecadesKwok et al, 2009 Laxon et al, 2013. This de-

and investigate different assumptions about snow depth, sedine mirrors changes in the Arctic heat budget (&grtz

ice density and area. We find that uncertainties in ice are®tal, 2011h Perovich et al.2011) and alters the exchange of

are of minor importance for the estimates of sea ice vol-freshwater between sea ice and the ocean fagaard and

ume during the cold season in the Arctic basin. The choiceCarmack1989 McPhee et a).2009. As they are of primary

of mean ice density used when converting sea ice freeimportance for the Arcticgcreen and Simmongd2010 and

board into thickness mainly influences the resulting mearthe global climate systenOutten and Esgi2012), these re-

sea ice thickness, while snow depth on top of the ice ismotely sensed data have been analysed in many studies. Un-

the main driver for the year-to-year variability, particularly fortunately, many of the studies lack a detailed estimate of

in late winter. The absolute uncertainty in the mean sea iceuncertainties. We fill this gap and quantify total uncertainties

thickness is 0.28 m in February/March and 0.21 m in Octo-in sea ice thickness and volume in the Arctic basin. We fur-

ber/November. The uncertainty in snow depth contributes ugher identify the main factors contributing to the uncertain-

to 70 % of the total uncertainty and the ice density 30—35 % ties, analysing snow depth, sea ice density and area. We pro-

with higher values in October/November. We find large un- vide uncertainties averaged over the Arctic basin and analyse

certainties in the total sea ice volume and trend. The mean tothe spatial and seasonal variability.

tal sea ice volume is 10 1201280 kn¥ in October/November Arctic sea ice area has been observed from satellites over

and 13250t 1860 kn¥ in February/March for the time pe- the last 40 yr starting with the Nimbus 5 electrically scanning

riod 2005-2007. Based on these uncertainties we obtaimicrowave radiometer (ESMR) in 1972. A decrease in sea

trends in sea ice volume 6£1450+530knPa ! in Octo- ice area was detected in the early 19%sr(eze et al1995

ber/November and-880+ 260 knfa ! in February/March ~ Parkinson et al1999 and has continued at an increased rate

over the ICESat period (2003—-2008). Our results indicatein the last decadeJavalieri and Parkinsgi2012). The aver-

that, taking into account the uncertainties, the decline in seage difference in daily sea ice extent among the most known

ice volume in the Arctic between the ICESat (2003—2008)algorithms can reach up ta1 million km?, but it seems dif-

and CryoSat-2 (2010-2012) periods may have been less drdicult to get a grip on which algorithm produces the most

matic than reported in previous studies. However, more workcorrect estimates.

and validation is required to quantify these changes and anal- Until the 1990s, our knowledge of Arctic sea ice thickness

yse possible unresolved biases in the freeboard retrievals. was determined by sparse field campaigns or submarine mea-
surements giving only limited insight into the overall Arctic
sea ice thickness. Based on submarine data from the cen-
tral Arctic region,Rothrock et al{(1999 found a decline in
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706 M. Zygmuntowska et al.: Uncertainties in Arctic sea ice thickness and volume

Arctic sea ice draft, the part of the ice below the water level,uncertainty. Our paper is outlined as follows: in S&tve

of 1.3 m from the 1960s to the 1980s. Over the last decadelescribe the data sets used for ice sea freeboard, area, type
both laser and radar altimeters have been used to estimatnd snow depth. In Se@&we describe how sea ice thickness
sea ice thickness on a basin-wide scalaxpn et al, 2003 is estimated and provide a description of the Monte Carlo
Kwok et al, 2004. Analysing measurements from the laser approach used to calculate uncertainties in sea ice thickness
altimeter onboard ICESakwok et al. (2009 found a de- and volume. Results on the uncertainties in sea ice thickness
cline in Arctic sea ice thickness of 0.18 mlabetween 2003  and volume are given in Seét,and a detailed discussion, in-
and 2008. Spatially the strongest decline was found in thecluding implications of the trend in sea ice volume, is given
region covered by multi-year ice between Greenland and thén Sect.5.

North Pole. These results were consistent with sea ice thick-

ness estimates from ERS and EnviSat radar altimeters reporE- Data

ing strong inter-annual variability in sea ice thickndsaxon

etal, 2003, and circumpolar thinning of Arctic sea ice fol- 14 calculate sea ice thickness and volume, we combine
lowing the 2007 record ice extent minimuries et al.  gatellite-based retrievals of sea ice freeboard, type and area.
2008. Combining sea ice thickness estimates from satellite§, this section we will describe the data sets and the pro-

and submarine&wok and RothrocK2009 determined that,  cessing steps used to derive the necessary parameters for our
in the central Arctic where submarine data were released, th%nalysis.

mean ice thickness in autumn declined from 3.02m in the
1960s to 1.92m in the 1990s, and then to 1.43m during the.1 Sea ice freeboard
2003-2007 ICESat period.

Sea ice thickness is a quantity that cannot be measured@he starting point of this paper is the ICESat freeboard re-
directly by satellite-based instruments. Altimeters on boardtrieval. The Geoscience Laser Altimeter System (GLAS) on
satellites measure the elevation of the Earth’s surface, antCESat uses a 1064 nm laser channel for surface altimetry,
by identifying leads between the ice floes, the freeboard (thevith an expected accuracy of 15 cm. The satellite orbit has an
height of the ice above the water level) can be derived. Thanclination of 94, measurements have a resolution of 70m,
thickness is calculated by assuming hydrostatic equilibriumand the surface was sampled every 1704wdlly et al,
and estimating the density of sea ice and snow and the sno®002. ICESat was in orbit for almost six years from 2003 to
depth on top of the ice. These quantities may vary both in2009, but was generally operating only for two separated pe-
space and time and introduce large uncertainties in the sedods each year in February/March and October/November.
ice thickness estimates. The laser measures the top of the snow on the ice, if snow

Decline in sea ice area and thickness results in a reducis present, and the freeboard value retrieved is thus the com-
tion of sea ice volume. Based on data from the laser altimebined value for sea ice and snow.
ter onboard ICESatkwok et al. (2009 found a net loss The data set mainly used in our study is available from
of 5400 kn? in October/November and 3500 Rrin Febru-  NSIDC (Yi and Zwally, 2009 and based on the origi-
ary/March during the ICESat record from 2003 to 2008. Re-nal data processing described Bwally et al. (2002. The
cent results, exploring new data from the radar altimeter on-data set is only available for the campaigns from Octo-
board CryoSat-2, report a further decline in Arctic sea iceber/November 2005-2007 (see Tabfer more information)
volume Laxon et al, 2013. The average sea ice volume in and provides sea ice freeboard information along the track.
October/November for 2010 and 2011 was estimated to b&ea ice thickness is also available in this data set but has not
7560 kn¥, i.e. 64 % of the 2003—2008 mean value estimatedbeen used in our analysis. In this algorithm the freeboard has
from ICESat Kwok et al, 2009. For the maximum annual been obtained by defining leads as the lowest 1 % of elevation
value in February/March, the sea ice volume was estimated talong a 50 km running mean. Further detail on the original
be 14819k, i.e. 91 % of the previous ICESat valueafon processing and the freeboard retrieval are providebhially
etal, 2013. et al. (2002 and at NSIDC IGttp://nsidc.org/data/docs/

To investigate the influence of snow depth, sea ice dendaac/nsidc0393 arctic_seaice_freeboard/index,Mirand
sity, and area on sea ice thickness and volume estimates wawally, 2009.
use freeboard retrievals from ICESat, together with differ- For comparison we also use the gridded sea ice thick-
ent assumptions about snow and ice properties, and sea iceess data set from JPL (available Htp://rkwok.jpl.nasa.
concentration derived from different algorithms. Uncertain- gov/icesat/download.hthlTo get information about sea ice
ties are calculated with a Monte Carlo approach based orfreeboard a slightly different approach has been used for this
probability distribution functions for the three parameters. data setKwok et al. (2007 used the standard deviation of
Our approach is different to earlier methods as we take intcsurface elevation together with values of reflectivity to iden-
account the spatial auto-correlation of uncertainties. We alsdify leads. AdditionallyKwok et al.(2009 included two cor-
provide, for the first time on an Arctic-wide scale, contribu- rections to account for possible unresolved biases, such as
tions of each of the analysed parameters to the total volumelue to the size of leads and snow accumulation on refrozen
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Table 1.ICESat campaigns as used in this study. fication has been used in previous studies, iKwok et al.
(2009.

Survey Period

ONO5 21 Oct to 24 Nov 2005
FM06 22 Feb to 27 Mar 2006

2.3 Seaice area

ONO6 25 Oct to 27 Nov 2006 Sea ice area is derived from sea ice concentration estimates
MAO7 12 Mar to 14 Apr 2007 based on brightness temperatures from DMSP SSM/I (Spe-
ONO7 2 Octto 5 Nov 2007 cial Sensor Microwave Imager). In this study, we use grid-

ded brightness temperatures in polar stereographic projection
available from NSIDCMaslanik and Stroey&004, updated

leads. A detailed description of this data set can be found i?019. Various algorithms exist to derive sea ice concentra-
Kwok and Cunninghari2008 andKwok et al.(2009. tion from this type of measurement. The underlying theory

As no freeboard data are available from JPL, we did notPehind the algorithms is that sea ice and open water emit
perform an analysis of freeboard uncertainties. In our studydifferently across the frequency spectrum and polarisations.
we focus on how snow depth, sea ice density, and area influl he mea_sured brightness temperatures are the_refore a linear
ence sea ice thickness estimates. In this way the word “unce€0mpination of these two temperatures, with weights accord-
tainty” as used in this study covers the “geophysical assump"9 to the concentration of sea ice and water. Algorithms dif-

tions” about the sea ice thickness estimate and not instrumer{€" due to the use of different frequencies and tie points for
tal “errors”. A detailed analysis of the freeboard retrievals (€€ @nd water, and are sensitive to changes in the physical

and its associated uncertainties for each algorithm were del€mperature of the surface and weather filt€srgiso et al.
scribed in a clear and concise manneZmally et al.(2002, 1997). Ice concentration products used in this study are based
Kwok et al. (2007, andKwok and Cunninghani2008. on 11 different algorithms and are listed in TaBle

2.2 Seaice type 2.4 Snow depth

Information about sea ice type is derived from QuikSCAT Our knowledge of snow depth on top of Arctic sea ice is
scatterometer data. QuikSCAT provides normalised radatimited. Snow depth can be measured directly in the field,
cross section (signgg measurements of the Earth’s surface. but these measurements are limited to field campaigns in
In this study we use daily averaged gridded QuikSCAT dataa local area during a couple of weeks. The most compre-
processed at Brigham Young University (BYU) for each mid- hensive compilation of in situ data so far is based on man-
day of the evaluated periodd:/ftp.scp.byu.edu/data/qscat/ made observations taken during Soviet drifting stations be-
SigBrw). The small hole around the North Pole.50N) tween 1954 and 199Warren et al(1999 W99 hereafter)
is filled with a nearest neighbour interpolation. Backscat-created a climatology of monthly snow depth by fitting
ter is converted into a multi-year ice (MYI) fraction us- a two-dimensional quadratic function for each month in-
ing the method described ikwok (2004. This method is  dependently of the year. The mean winter (October—April)
based on a relationship between the MY] fraction from high- snow depth from W99 is shown in Fid. as thin contour
resolution RADARSAT/RGPS images and signackscat-  lines. Because MY| was the dominating ice type during those
ter from QuikSCAT (see Fig. 6 iKwok, 2004. We checked decades, the climatology represents snow depth on MYI.
that our results are consistent with the fields published in Another way to obtain information about snow depth on
Kwok (2004 andPolyakov et al(2011) for 1 January 2000— a basin-wide scale are retrievals from passive microwave sen-
2008. sors Markus and Cavalieril998. In this case snow depth
The backscatter from scatterometers is sensitive to thés calculated using the spectral gradient ratio of the 18.7
physical properties of sea ice that change after sea ice haand 37 GHz vertical polarisation channels. In our study we
survived the melting season. Thus the term MYI, as defineduse the data sets based on AMSRMa(kus and Cavaliei
in this study, refers to sea ice that has survived one summeg008 for which the algorithm is applied over FYI. Evalu-
but may actually be younger than one year. However, as scattion studies found the retrieval to be accurate over smooth
terometers only capture the surface properties, this methofirst-year ice, while over rougher FYI or MYI it needs fur-
does not allow us to account for the part of first-year ice ther development\arkus et al.2006 Brucker and Markus
(FYI) growing from the bottom during winter freezing, and 2013.
therefore underestimates the volume fraction of FYI. In our freeboard estimates we require that the freeboard
In this study we use two different approaches to define theshould always be positive. Negative freeboard as a result of
sea ice type: a fraction of the ice type per pixel, as describec.g. ice flooding is common in Antarctica due to the large
above, and a binary classification. To get the binary sea icanowfall in that region Lfytle and Ackley 2001), but this
classification between FYIl and MY for each pixel we used has not been observed to a large degree in the Arctic. We
a threshold of 50 % for the sea ice type. This binary classi-therefore replaced the snow depth with the freeboard value
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Table 2. Sea ice concentration algorithms used to calculate the in-
fluence of sea ice area on estimates of sea ice thickness and volume.

Algorithms Reference

NORSEX Svendsen et a{1983
NASA Team Cavalieri et al(1989
UMass-AES Swift et al.(1985

Bootstrap Comiso(1986

Near90 GHz Svendsen et a{1987)
Calval Ramseie199])

Bristol Smith and Barret(1994)
NORSEX-85H Kloster(1996

TUD Pederser(1999

NASA Team 2 Markus and Cavaliefi2000
ASI Kaleschke et al(2001)

in the cases where the snow depth was larger than the free-
board.

Fig. 1.Arctic sea ice properties and the Arctic sea ice area as defined
in this study. Annual mean sea ice thickness from ICESat is shown

T bi he d d ibed ab 'ddeila colour (m). The line of 50 % multi-year ice fraction is plotted as a
0 combine the data sets we described above, we re-gri ick contour line. Both parameters are given as the average during

them following a polar stereographic projection onto a 25 kM e 2005-2007 ICESat campaigns. Climatological winter (October—
grid. For snow depth we used the mean value of the two periapril) snow depth from Warren (1999) from 1954 to 1991 is given
ods, in autumn and late winter (see Tabjewhen freeboard  as the labelled thin contour lines in centimetres.

measurements were available. For sea ice area we used the
mean over each ICESat period and for the MYI fraction the
mid-day of each ICESat period. As the export of MYl is only
about 10 % each yeaB(nedsrud et 312011 we believe that
the change in MYI fraction is slow enough to allow for this ow Ps— Pw
simplification. Pw — Pi ow — Pi

ICESat has an orbit inclination of 94hence for a con- . . .
. . where fis is the snow ice freeboard as retrieved from ICESat,
siderable percentage of the Arctic Ocean, no freeboard mea- . .
s is the snow depth, angdy, os, andp; are the densities of

surements are available. To fill this data gap we use the MY . ; .

. ) X water, snow and ice, respectively. The thickness depends on
fraction around the hole as a proxy for sea ice thickness. Fo[he measured freeboard, and the snow and sea ice properties
each ICESat period, we fitted a third-order polynomial to theForp we use a value of ’1024 kgTA and forps, 270 kg3 '

W S

values of sea ice thickness and an MYI fraction 2 degrees :
around the data hole, and used this function to derive in" October/November and 330kgth in February/March,

formation about sea ice thickness within the hole. A similar following Warren et al(1999. To investigate the influence of

method has previously been usedHoyok et al. (2009 and pi andhg on sea ice thickness estimates on a basin-wide scale
. p y : T . we analyse a number of data sets for these two parameters as
provides a simple way to get an estimate of sea ice thickne

and volume on a basin-wide scale. Other data gaps mosjaescribed below in Sect8.2and3.3

L ' . A gaps, mostly Equation () describes the “true” sea ice thickness, which
occurring in the shelf areas, have been filled similarly, using. . o averaged thickness of the ice in a certain area. An ob-
the fraction of MYI in the adjacent pixels. As done in previ- ’

. . . icteSprver on the ice would think this is the most meaningful
ous studies, all results presented in our analysis are restricte

to the “ICESat domain”, which does not include the Cana_value of ice thickness. We also analyse the effective sea ice

. , ) . Gthickness, which is defined as the mean sea ice thickness in-
dian Archipelago, the Fram Strait, or the Bering, Barents an : . .
Kara seas cluding open water areas. We use the sea ice concentration

to account for the open water in each pixel and compute the
effective sea ice thickness as follows:

. . SlITex = SIT- SIC[O, 1], (2)

To convert sea ice freeboard measurements from ICESat into
sea ice thickness a number of assumptions have to be madehere SITEy is the effective sea ice thickness, SIT is the sea
The first major assumption is that sea ice floats in hydrostatidgce thickness as described in E@),(and SIC is the sea ice

3 Methods

equilibrium, which results in the following equation for the
sea ice thickness (SIT):

1)

3.1 Seaice thickness estimates
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concentration. This is the most common diagnostic in current
sea ice models in which sea ice mainly grows thermodynam- 0.2

Q
f==

ically and rather homogeneously over a grid cell. E‘
. . S 01
3.2 Density scenarios S
o
The density of sea ice depends on the amount of brine and air 860 880 900 920 940 960

inclusions, and therefore on temperature and sea state dur-

: 3
ing formation and the age of the ice. Ice containing no salt b) o1 ”denS't,y [kg/m’]

is expected to have a density of 916 kg¥nNewly frozen > ' > S EYI
FYI, however, contains a substantial amount of salt water that ol \/! | MYI
increases the sea ice density. Concentrated sea water with § A '

a salinity higher than 35 is termed brine, and brine salinities =1 : : : :

can reach values up to 100 depending on the sea ice tempera- 0
ture. In the course of time the brine drains out and is replaced
by air. Density of MY is thus expected to be lower than that
of FYI, in particular in the freeboard part above water level,
and values vary greatly among the sources (EBimco and
Frederking 1996 Kovacs 1996 Alexandrov et al. 201Q
Forstrom et al.20117). To investigate and visualise the influ- : “ :
ence of sea ice de_nsity on sea ice thickness we explored dif- 0 10 20 30 40 50
ferent values ranging from 882 to 925 kgf(see Tables). snow depth [cm]

We first assumed the sea ice density to be the same over the

entire Arctic (D1-D4), and second we varied the sea ice denFig. 2. Probability distributions for sea ice density and snow depth.
sity dependent on ice type (D5 and D6). For the second apDistributions are shown separately for first-year ice (FYI) and
proach, we chose the ice type either by a binary classificatiofnulti-year ice (MYI). (2) Mean sea ice densityb) mean snow

(D5) or by accounting for the fraction of MY| per pixel (D6). depth in October/November, ar{d) mean snow depth in Febru-
ary/March. Snow depth over MYI is based on climatological values

3.3 Snow depth scenarios from W99, and 50 % of this snow depth is used over FYI. Dotted
lines indicate the first standard deviation (15 and 85 percentile) and
To assess the influence of snow depth on sea ice thickne<ashed Iines. the second standard deviation from the mean (2.3 and
estimates we used the snow depth retrieval from AMSR-E,27-7 percentile).
and the W99 climatology. Additionally, we used a modifica-
tion of W99 based on results from airborne measurements o
show depth. Evaluating snow depth data from the Operatio
IceBridge campaignXurtz and Farrell(2011g found that
snow load is reduced by 50 % over FYI compared to clima-
tological values of W99. An overview of our selected values

0 10 20 30 40 50
snow depth [cm]

probability &

E)ilistic method based on repeated calculations of the results,
sing input parameters changed by a random selection from

their probability distributions. Parameters and their uncer-

tainties are therefore not simply treated as a mean value and

. ) . ) . its standard deviation, but for each input parameter real data,
is presented in Tablé. As for the ice density, we either used putp

. Igorithms and distributions are used. In our study the result
the same assumption over FYI and MYI (S1 and S5) or useci5l : . . )
. : : he eff hick I h
different assumptions for the two ice types (S2-S4). SnowSt e effective sea ice thickness (or sea ice volume) and the

. ) input parameters are sea ice area, density and snow depth.
depth weighted by MY! fraction (S3) has been calculated 3For sea ice area we assume each of the eleven algorithms
follows:

to be equally likely (distribution not shown). The assumed
Hs=W99- (0.5+ 0.5- MY/ fraction) » (3) PDFs of snow depth and sea ice density are shown in2Fig.

] ) . and are described in detail in the paragraphs below. To cal-
where W99 is snow depth based on climatological valuesy|ate total uncertainties we iterate simultaneously through
from Warren et al(1999. The AMSR-E product is avail- he pDFs of all three parameters according to their respec-
able over FYI, but the classification of sea ice type used is;ye pPDF. To calculate the uncertainty coming from a single
different from our approach. Therefore the pixels Cons'dere%arameter we iterate through the PDF of this parameter and
as FYI are slightly different than those based on the MYl ge the other two fixed at the mean value. As the cross-
fraction derived from QUIkSCAT. correlation between the parameters is not well understood, it
is not included in our approach. Spatial auto-correlation for
each parameter is included by varying the parameters Arctic

The uncertainties regarding sea ice volume and thickness af¢ide for each Monte Carlo run, or according to its sea ice
calculated using a Monte Carlo approach. This is a proba—type-

3.4 Monte Carlo approach to calculating uncertainty

www.the-cryosphere.net/8/705/2014/ The Cryosphere, 8, 70520, 2014
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Table 3. Different assumptions about sea ice density as used in this study to assess the possible range of sea ice thickness.

Acronym Seaice density Description Used e.g. in
[kgm—3]
D1 916 Typical value found for FYI Similar tbaxon et al(2003 andAlexandrov et al(2010
D2 925 Density of ice containing brine inclusionskwok et al.(2009 (JPL data set)
D3 882 Density of ice containing air inclusions
Typical value found for MYI Alexandrov et al(2010
D4 900 mean value
FYI MYI
D5 916 882 Laxon et al(2013
D6 916 882 Weighted by MY] fraction in each pixel
b)
/
3 Vi S /~ ~ ~ 7 N \
—_ S (g
E
12}
—--JPL data 35
. £,
3 Toverall
| L MYI
s 0
E ~-_" 83 28 88 85 58
— 7 ~ zZ = zZz = zZz = Zz < z=
2 2 AR 3 oL ow Oow O= Oou
§ M
3] )
£ FYI
11 3
E
0 : : g 2
53 38 88 85 58 8
zZS zZz3 z 3 zI z3 =
o o oL O0O= ot |
D1 D3 D5 0
— D2 D4 D6

ONO03
FM04
ONO04
FMO05
ONO05
FMO06
ONO06
MAOQ7
ONO07
FMO08

Fig. 3. Spatially averaged Arctic sea ice thickness calculated with different values for ice denfytHa total mean thickness is shown, in
(b) the thickness of multi-year ice (MYI) and {ic) the thickness of first-year ice (FYI). Density values used are described in3S2ahd
can be found in Tabl8. The brown line (D6) is the same as S3 in F3g.

The PDF of snow depth follows the W99 climatology over fore picked one random value from the MYI distribution
MYI and is reduced by 50 % over FYI. For the standard de-and took half of this value for the FYI. For the campaign in
viation of the distributions we use the reported inter-annualspring 2007 we used a PDF which was one centimetre higher
variability from the W99 climatology, of i.e. 4.3cm in Octo- than shown in Fig2, because the campaign took place in
ber/November and 6.2cm in February/March. This is con-March/April. Because snow depth can not be negative we set
sistent with uncertainties found for the AMSR-E retrieval a lower bound at 0 cm.

(Brucker and Markus2013, so we believe that our assump-  For the PDF of sea ice density we also assumed different
tions are still conservative. In Fi@. we show separate dis- values for FYl and MYI. For FYI we assumed a mean value
tributions for MY1 and FYI for visualisation, but in reality of 916 kgn1 2 and a standard deviation #f10 kg nT3 which

the correlation between snow depth on FYI and MYI has tois smaller than reported in other studiédgxandrov et al.

be considered. For each Monte Carlo calculation we there201Q Forstrom et al.2011). For the Monte Carlo approach

The Cryosphere, 8, 705720, 2014 www.the-cryosphere.net/8/705/2014/
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we seek a value that would correspond to a basin-wide aver- 40
age over a number of years, while the reported values are
based on field observations from a local area and a given
time. For the MYI density we assume a slightly skewed dis-
tribution as MY1 generally includes areas of FYI, both from
bottom freezing and refrozen leads, and literature values vary
widely among the sources. The mode of the density distri-
bution is 882 kg3, while the mean is slightly higher, i.e.
890 kgn3,

Snow Depth [cm]
N w
o o

=
o

4 Results

0
In this section we first illustrate the influence of selected val- Aug Sep Oct NovDec Jan FebMar Apr Mai Jun Jul

ues for density and snow depth on the sea ice thickness es-
timates. We further show uncertainties in effective sea ice
thickness due to sea ice area, density and snow depth, and
how they are distributed over space and time. Finally we userig. 4. Annual evolution of the spatially averaged snow depth on
these estimates to calculate the total sea ice volume and ite Arctic sea ice. The spatial pattern is shown in Bigand the
uncertainties, and show implications for reported trends inw99 climatology is based on observations between 1954 and 1991

Climatology W99 (MYI)
AMSR-E snow depth retrieval (FYI)

seaice volume. of multi-year ice (MYI). The AMSR-E snow depth retrievals cover
first-year ice (FYI) and is averaged for the IceSat period between
4.1 Seaice density influence on sea ice thickness 2003 and 2008. For both data sets the standard deviation is plotted

around the mean value of any given month.

Mean sea ice thickness calculated over the whole Arctic
basin using different assumptions about sea ice density is
shown in Fig.3. The assumptions are listed in Tal@deThe February/March 2007 (Figb). To get more insight into this
same snow depth was used for all calculations, and correpeculiarity and the inter-annual variability we proceed with
sponds to climatological values from W99 over MYI, and analysing the impact of snow depth on the mean sea ice thick-
half of the values over FYI weighted by MYI fraction per ness estimates.
pixel (S3 in Tabled).

We show that the mean sea ice thickness is strongly influ4.2 Snow depth estimates over Arctic sea ice
enced by the choice of sea ice density, while the trend and
the annual cycle are hardly affected. The resulting mean valFigure 4 compares the climatology from W99 represent-
ues in October/November range between 1.39 and 2.00 ring snow depth on MYI, and the snow depth retrieval from
At the end of winter, in February/March sea ice thicknessAMSR-E over FYI. Based on the W99 climatology the mean
has increased and ranges between 1.53 and 2.20 m. Becaussow depth on the Arctic sea ice increases from near zero
the influence of sea ice density increases with sea ice thickin August to a maximum in spring. The accumulation rate
ness, we found the range to be smaller for FYI (about 55 cm)js as high as 5cmmontf from August to January, before
and larger for MYI (about 80 cm). The difference in sea ice lowering to about 2 cmmontt until March. The snow in-
density due to different sea ice classification methods onlycreases somewhat further until May, before solar radiation is
influences the mean sea ice thickness by a few centimetrestrong enough to melt the snow in June and July. At the end
and the difference between D5 and D6 in R3ds too small ~ of summer only a few cm of snow are left. The inter-annual

to be visible. variability in the W99 climatology ranges from 3 to 8cm,
The trend in FYI and MYI thickness is diametric: while and is largest in the winter period.
the thickness of MYI decreases over the period (Bim), the Based on the AMSR-E snow depth retrieval the snow ac-

thickness of FYI increases (Fific). A number of processes cumulation over the winter season has a similar shape, with
could contribute to such an increase in thickness and we wila maximum in late winter, in phase with the W99 clima-
come back to these in the discussion section. tology. The accumulation rate, however, is much lower and
From October/November to February/March the FYI the maximum value of about 19 cm is only 54 % of the cli-
thickness increases by about 0.25m, representing “normamatological value from W99. One can speculate that this
winter growth” over areas that were open water at the beds not only a result of snow falling into water, but is ad-
ginning of the freezing season. However, it is surprisingditionally caused by changed atmospheric conditions and a
and rather counterintuitive to see that the mean thickness afeduction in snowfall creen and Simmond2012. These
MY does not increase between October/November 2006 andnight also have influenced the snow depth on MYI and can
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Fig. 5. Spatially averaged Arctic sea ice thickness calculated with different assumptions about snow depthelitotal mean thickness is
shown, in(b) the thickness of multi-year ice (MY1) and (i) the thickness of first-year ice (FYI). Values are based on the available data sets
described in Sec#.2, and can be found in Tabke The brown line (S3) is the same line as D6 in Ag.

Table 4. Different assumptions about snow depth as used in this study to assess the possible range of sea ice thickness due to snow depth.

Acronym Snow depth Description Used e.g. in
FYI MYI
S1 w99 W99  Snow taken from climatology W99 Laxon et al(2003, Giles et al.(2008
S2 W99/2 W99 Laxon et al(2013
S3 W99/2 W99  Weighted by MYI fraction in each pixel
S4 AMSR-E W99  Snow depth retrieval from AMSR-E used over FYI
S5 0 0 Lowest possible value

explain some of the peculiarities mentioned in the previ-assumptions are given in TableFor sea ice density we used
ous section. The absence of MYI thickening between Oc-the ice type-dependent method (D6 in TaBJeveighted by
tober/November 2006 and February/March 2007 (Big). MY fraction per pixel.

could partly be explained by an overestimation of snow depth Mean sea ice thickness in October/November ranges be-
in February/March, which results in an underestimation oftween 1.28 and 2.45m, but goes down to 1.62m if we ex-
sea ice thickness. More information about the influence ofclude the “no snow” assumption, which is unrealistic but still
snow depth on sea ice thickness estimates is given in the nextonsidered as a reference. In February/March the mean sea

section. ice thickness ranges between 1.33 and 3.00, or 1.79 m if the
no-snow assumption is left out. The effect of sub-grid scale
4.3 Snow depth influence on sea ice thickness variability of snow depth due to sea ice type is about a few cm

only (compare S2 and S3 in Fig), which is similar to the

Mean sea ice thickness calculated from ICESat freeboard obr-eSUItS found for the sub-grid scale variability of ice density

servations over the whole Arctic Ocean using different as-(Fig. 3)-
sumptions about snow depth is shown in EgThe different
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EM ON ON 2007 calculating the ice type-dependent values for sea ice density
T T |m snow | and snow depth (see Eq. 3).

€ 0471 B density Averaged absolute uncertainties and the contributions
Z O area from_ sea ice density, snow depth_, and sea ic_e are sh_own
'S 0.3 1 in Fig. 6. Mean absolute uncertainty of effective sea ice
3 thickness is close t6-0.25 m for each ICESat campaign. It
5 02} ] is smaller in October/November-0.21 m) than in Febru-
g g ) ary/March @0.28m), and we found snow depth to be
% 01 © 2 ] the largest contributor to the total uncertainties with up to
= < < 70 %. Ice density contributes 30-35 %, with higher values
= B . in October/November due to the small snow cover at that

v\y {(.\\ $\ ?}y ((4\ §k\ v\y Q\\ §\\ time of year. The area contribution also increases in Octo-

ber/November but remains below 10 %.
Fig. 6. Absolute uncertainties of the effective sea ice thickness. The spatial d_'St”bUt,'OnS of thesg uncertainties in absolyte
Contributions from uncertainties in sea ice density, snow dep’[h,V_alues and the'_r relative Contrlbl_Jtlon to the total uncertain-
and sea ice area are included and given for the mean in Febri€S are shown in the maps of Fig. We only show results
ary/March (FM) and October/November (ON). Additionally, Octo- for October/November, but the spatial distribution of uncer-
ber/November 2007 (ONO7) is shown separately. Note that the distainties is very similar in winter. Overall, the absolute uncer-
tributions of sea ice density and snow depth are non-Gaussian fotainty resulting from sea ice density is around 0.1-0.2 m for
the total sea ice (see PDFs in F&).and therefore the contributions  FYI, with uncertainties increasing for the thicker sea ice be-
from the three parameters over first-year ice (FYI) and multi-yeartyween the North Pole and Greenland (Fig). The transition
ice (MY1) do not sum up for the total sea ice thickness (ALL). from FYI to MY also marks the transition from the smaller
to the larger uncertainties, stemming from the larger uncer-
tainty in density for MYI that we assumed in our analysis
Using climatological snow depth from W99 for FYI, we (see Fig.2). For MYI the uncertainties in the sea ice thick-
found no increase in sea ice thickness in the winter seasoness estimates resulting from sea ice density are therefore
(S1in Fig.5). This is a counterintuitive and an unrealistic up to 70 %, while over FYI its relative contribution remains
result, indicating that the W99 snow depth needs revision, asnostly below 40 %.
sea ice is indeed expected to increase in thickness during an The absolute uncertainties resulting from uncertainties in
Arctic winter. Reducing the climatological values from W99 snow depth show a similar pattern, with smaller values for
by half or using available passive microwave retrievals fromthin FY| (from 0.1 m) and increasing for the thicker part be-
AMSR-E over FYI results in an increase in winter growth to tween the North Pole and Greenland to 0.25 m. The relative
about 40 cm (S2-S4 in Fi§). contribution from uncertainties in snow depth accounts for
For MYI we can only use the W99 climatology for snow only about 40 % of the total uncertainty for the MY| but up
depth, as no other data sets are available. The resulting spread more than 70 % for FYI.
in Fig. 5b is due to the different MY classifications inthe re-  Uncertainty in effective sea ice thickness resulting from
trievals. As mentioned above, the absence of MY thickeningthe different sea ice area algorithms is less than 5%, or
between October/November 2006 and February/March 20020 cm (Fig.7c). This is caused by the high ice concentrations
(Fig. 3b) could be aresult of an overestimation of snow depthinside our selected Arctic Ocean area of interest (F)g.

in February/March. When ice concentrations approach 100 %, there is little dif-
ference between the algorithms, and the related uncertainties
4.4 Spatial distribution and absolute uncertainties become small. Some larger values are visible in Fégn the

marginal ice zone north of Svalbard and in the vicinity of the
So far we have shown the range of spatially averaged sea icBering Strait. In these locations the uncertainties in sea ice
thickness estimates over the Arctic Ocean as the results adrea drive the relative uncertainty in effective thickness up
different selected values for sea ice density and snow deptho 60 %. However, in this region the sea ice is very thin and
To get more insight into how the uncertainties in ice density,concentrations are low; the large values therefore hardly con-
snow depth and sea ice area contribute quantitatively to théribute to the uncertainty in mean effective sea ice thickness
total uncertainty in the sea ice thickness estimates, we inand volume (Fig6).
troduce results from the Monte Carlo approach. As the sea
ice area is considered now, the results represent uncertaintiegs5 Sea ice volume uncertainties
in the effective sea ice thickness. The individual uncertain-
ties are calculated keeping two of the parameters fixed at th&he evolution of sea ice volume over time and the related
mean values, while varying the third according to the PDFsuncertainties calculated using a Monte Carlo approach are
shown in Fig2. We used the MY fraction in each pixel when shown in Fig.8. We estimate the mean Arctic sea ice volume

www.the-cryosphere.net/8/705/2014/ The Cryosphere, 8, 70520, 2014



714 M. Zygmuntowska et al.: Uncertainties in Arctic sea ice thickness and volume

Fig. 7. Spatial distribution of uncertainties in effective sea ice thickness in October/November as a result of uncerténsesiice density,
(b) snow depth, an¢c) sea ice area. The grey contour line indicates the 50 % multi-year ice fraction. In the upper line relative values of the
total uncertainties are shown, and in the lower line absolute values of uncertainty.

between 2005 and 2007 to be 10H@280kn? in Oc- 5 Discussion

tober/November, and to increase to 13250860 kn? in

February/March (see green curve in Faj. We have calculated uncertainties in the estimates of Arctic
The ice volume in October/November 2007 stands out asea ice thickness and volume. The uncertainties represented

a major anomaly, following the steady reduction in MYI in this study arise from three different parameters that are

for the length of our record, and a large decrease in FYIsetup when estimating sea ice thickness and volume: sea ice

volume since February/March 2007. The loss of FYI ice density, snow depth and sea ice area. Below we will first dis-

volume from February/March 2007 to October/November cuss the findings for sea ice thickness and its uncertainties

is more than 50 %, or about 4700 RniThis is especially —and then discuss our results for sea ice volume, its uncertain-

remarkable as FYI volume actually increased from Octo-ties, and implications for its recent trend.

ber/November 2005 until February/March 2007. In Octo-

ber/November 2005 MY| was the dominant ice type, but lost-1  Sea ice thickness

almost 50 %, or~ 3000 kn?, of its volume by 2007. Because . . . N
of this decrease, relative uncertainties in sea ice volume in¥V€ found that the choice of sea ice density significantly
crease, and exceed 30 % at the end of the analysis period. changes the estimated mean sea ice thickness. Our mean sea

Absolute uncertainties and the relative contributions aris-iC€ thickness ranges from 1.45 to 2.09m using a range for

ing from uncertainties in sea ice density, snow depth and seS€2 iCe density in accordance with the values seen in the lit-
ice area are shown in Fig. In February/March 73 % of the erature. While the density affects the mean sea ice thickness,
uncertainty is caused by uncertainties in snow depth. Thén€ snow depth affects its annual cycle and the inter-annual
snow contribution reduces to 55 % in October/November be-Yariability. The W99 snow depth climatology results in a un-
cause of the thinner snow cover during this time of the yearderestimation of winter growth and indicates that the clima-
similar to the absolute uncertainties for thickness (Flg. (/09 is outdated, also over MYI. _
Density thus plays a larger role during October/November _1N€ range of densities we used captures the real ice den-

but remains smaller than uncertainties resulting from uncerSity; but it remains an unresolved issue whether the density

tainties in snow depth. The sea ice area contribution is visibld'@S changed, or will be changing, due to a change in sea ice
in October/November, but remains small throughout. This is®yP€ OVer the Arctic Ocean, or due to changing weather con-

however dependent on the area covered by sea ice, and partigi_tions like warming temperatures and later ocean freeze-up.
ularly visible in October/November 2007, when it increases | '@ Snow depth has already been affected by these changes
to around 5 %. (Hezel et al, 2012 Kurtz and Farre|l20113, and our study

confirms that the climatological values from W99 do not rep-
resent the current snow conditions over the Arctic sea ice.
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Fig. 8. Sea ice volume and its uncertainties calculated with different methods. For comparison ICESat results based on sea ice thickness dat:
from JPL are included as a black dashed line, and CryoSat-2 vdlarsr{ et al, 2013 as the grey dashed line.

FM ON ON 2007 weakening and increased deformati®atmpal et al.2009,
o 2f T T IR so the retrievals may actually become less accurate in the fu-
mE W snow ture. Over MYI, the lack of more recent and accurate snow
215l W density | depth retrievals remains an issue, and explains why we have
z B area used the climatological values from W99 for this ice type
8 1l in all our analyses. Recently, a new snow depth algorithm
§ for thick ice has been developelidal et al.2013, based
- on brightness temperatures from the longwave passive mi-
50'5 crowave radiometer onboard SMOS. The algorithm requires
S more validation, but first results show very good agreement

0 \?’VQ\\ $\ with airborne campaigns. The second way to retrieve infor-

mation about snow depth on Arctic sea ice is to combine pre-
Fig. 9. Absolute uncertainties in Arctic sea ice volume. Contri- Cipita_tion from atmosphgric reanalysis and ipe drift data from
butions from uncertainties in sea ice density, snow depth, anosate”'te products (used in elgwok and Cunnlngha.mZOOS
sea ice area are included and given for the the mean in FebruKUrtz etal, 20110. The accuracy of the reanalysis data de-
ary/March (FM) and October/November (ON). Additionally, Octo- P€nds on the model set-up and the data assimilation method,
ber/November 2007 (ONO7) is shown separately. Note that the diswhich is not always reliable over the Arctic Oce&Bcfeen
tributions of sea ice density and snow depth are non-Gaussian foand Simmonds2011) and also varies significantly between
the total sea ice (see PDFs in F&).and therefore the contributions  different data source®(tz and Fy 2008. Our results show
from the three parameters over first-year ice (FYI) and multi-yearthat snow significantly affects the sea ice thickness estimates
ice (MY1) do not sum up for the total sea ice volume (ALL). and an accurate method to retrieve snow depth will be essen-
tial to derive absolute values and trends in sea ice thickness
in the future.

Absolute changes in snow depth do not have to be con- ysing the Monte Carlo approach we estimate the
sidered solely, but to derive accurate estimates for sea iCghean absolute uncertainty of effective sea ice thickness
thickness, it is additionally important to capture its inter- tg pe £021m in October/November and-0.28m in
annual variability. Passive microwave retrievals seem to berepruary/March. Previous studies estimate the uncertainty in
reliable over smooth FYI and have been found to be withingez ice thickness to be e.g. 0.5Knpk et al, 2009, 0.7m
4+0.05m of snow depth measurements from Operation Iceqkwok and Rothrock2009, 0.76 m Giles et al, 2007, or
Bridge Brucker and Markus2013. For large snow depths .93 m Eorstrom et al.2011). In all these studies the uncer-

and rougher surfaces the uncertainties may however be larggjinty has been calculated with the variance formula, which
(Markus et al. 2006. With thinning of the sea ice comes
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is the common method for calculating uncertainties from un-is lower, the density becomes more important and accounts
correlated parameters. The difference from our uncertaintyfor 43 % of the total uncertainty.
estimates can be explained by two main reasons: our uncer- These large uncertainties resulting from sea ice density can
tainty estimates are for effective sea ice thickness and we ditbe illustrated using the selected values for the density as de-
not include uncertainties resulting from freeboard and snowscribed in Sect3.2 Using a sea ice density of 925 kgth
density. Freeboard has been found to be the main source @&s done in the JPL data set (see lines 2 and 3 in Tahlel
uncertainty and by not including it we clearly underestimatethe green dashed line in Fi§) increases the sea ice vol-
the uncertainties in sea ice thickness. However, the results aneme by 15 % on a yearly average. Using values of 882 and
consistent with our findings that besides the freeboard, th®16.7 kgnt3, as done iLaxon et al (2013 for the CryoSat-
snow depth is the main source of uncertainty. The different2 data, produces a sea ice volume about 5 % smaller than our
values found in the mentioned studies result from differentMonte Carlo based volume estimates (see the green dotted
assumptions made about the uncertainties of single paraméine in Fig.8 and line 4 in Tablé).
ters. In particular, there is large disagreement regarding the ICESat data have been freely available and have there-
influence of snow density on the total uncertainty, rangingfore been analysed in many studies (&pgreen et al.2006
from 1 cm Giles et al, 2007) to more then 20 cm{wok and Kwok and Cunningham2008 Farrell et al, 2009 Kurtz
Rothrock 2009. et al, 2011h Schweiger et al.2011). Only a minority of

Sea ice thickness can also be estimated with sea ice modhem, however, conducted detailed calculations of uncertain-
els, which are an important tool for understanding and pre-ties and errors. A detailed but completely different approach
dicting the state of Arctic sea ice. Evaluating results fromto calculating the uncertainty in sea ice volume based on
the Pan-Arctic Ice-Ocean Modeling and Assimilation Sys- ICESat data was used wok et al. (2009. The uncer-
tem (PIOMAS), Schweiger et al(201]) found a bias to- tainty was calculated as the sum of uncorrelated errors for
wards the ICESat-derived sea ice thickness estimates froraach pixelor = N2 (Agth_FhZU/%C)l/z, whereon andoy,

JPL of 0.26 m in autumn and 0.1 m in spring. In spring this are the uncertainties in cell thicknegd @nd cell area4c),

bias is within the range of our uncertainties, while in autumn 4 uncertainties in total thickness, aithe number of grid

itis slightly larger than uncertainties found in our study. Our cells. Assuming an error of 0.5m for sea ice thickness, the
analysis provides some possible explanations for the discrepesulting sea ice volume uncertainty in this study was given
ancies found between the sea ice thickness estimates froms 33 kni. This approach is valid for uncertainties in sea ice
ICESat and PIOMASSchweiger et a2011) found a larger  thickness stemming from uncorrelated errors, and as stated
difference between the two data sets north of Greenland angy Kwok et al. (2009, should be considered as a best case
the Canadian Archipelago than in other areas, with ICESakcenario. In our analysis we did not account for such uncorre-
giving values around 0.7 m larger than results from PIOMAS. |ated errors, but uncertainties resulting from the mean values
As estimates from PIOMAS agree better with in situ data in of snow depth, sea ice density and area. The uncertainties in
this area, they hypothesised that ICESat retrievals may ovefthese geophysical parameters should be understood more as
estimate the sea ice thickness in this area of the Arctic Oceary pias — not as uncorrelated errors. This explains why our ice
A part of this discrepancy could be explained by the choiceyolume uncertainty becomes as highte860 ki in Febru-

of sea ice density. In the data set from JPL the sea ice densityry/March, a value 56 times higher than the uncertainty cal-
is chosen to be 925kgm, and reducing it to 882kgn?  cylated bykwok et al.(2009. In the future more work needs
lowers the sea ice thickness by about 0.5m (see 8)ig. to be done to analyse to which extent parameters and their un-
This explanation is supported by the apparently lower dif-certainties are correlated and to which extent retrieval errors
ference between sea ice thickness estimates from PIOMASye indeed random as assumedkayok et al.(2009. Both

and CryoSat-2l(axon et al, 2013, where the reduced value would lower the estimates of uncertainty. However, consid-
for sea ice density has been used to convert freeboard intgring the lack of current knowledge of the absolute values,
thickness. More comparison, however, is needed for verificagyr uncertainty estimates can be assumed to be in the right

tion. range.
. A bias in sea ice thickness as a measure of uncertainty
5.2 Seaice volume that propagates into the estimates of uncertainty in sea ice

volume has been previously used to assess uncertainties in
We calculated the sea ice volume for the three years betweegodelled Arctic sea ice volume with PIOMAS¢hweiger
2005 and 2007 with a Monte Carlo approach using probabil-et al, 2011). This is comparable to the uncertainties in our

ity distribution functions for sea ice density, snow depth andstudies, and the resulting uncertainties in sea ice volume of
area as described in Se8t4. We estimate a mean sea ice 6.3% in spring and 10% in autumn are of the same order

volume of 10126-1280 kn? (123-7 %) in October/November, (14 and 12.7% in our study for the two seasons, respec-
increasing to 13256 1860 km= (14 %) in February/March.  tively). While Schweiger et al(2011) used the differences

In February/March snow depth accounts for more than 70 %petween model results and validation data to identify the
of the uncertainty. In October/November, when snow depth
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Table 5. Sea ice volume as calculated in this study using differentconverting freeboard measurements to thickness, compared
assumptions about the density in comparison with previous publi4to the values of 882 and 916 kgﬁ'] used byLaxon et al.
cations. Values that are calculated in this study are marked in b0|d(2013 for CryoSat-2. Adjusting the values for sea ice den-

Same values are given in Fig. 8. sity in the ICESat period accordingly (see TabBleallows
for a more consistent comparison between the ICESat and
Source Volume [kr#] CryoSat-2 periods. For October/November this adjustment
Oct—Nov  Feb—Mar lowers the ice loss between the two periods considerably, and
the ice loss becomes smaller than 2006 koorresponding
Monte Carlo mean 10120 13254 to a rate of—390 kn?a~L. For February/March we find that
JPL daia 2005’; 2087 11705 14842 the Arctic ice volume has even increased from the end of the
pi = 925kg m_3 3 11461 15587 considered ICESat period 2007 up to March 2011.
pi =916 kgnT=and 882kgm 9312 12870 The low loss, and in particular the increase, in sea ice vol-
JPL data 2003-2088 12054 15999 ume between the ICESat and CryoSat-2 periods is an in-
CryoSat 2010/13 8283 15424 teresting and somewhat surprising result, raising questions
CryoSat 2011/12 6838 14215 about the accuracy of our methods. Indeed, the increase in
aUsing; — 916 kgnT3 for FYI and 88%grm-3 for MYI. February/March may part_ly be an a_lrtifact due to the snow
b Using p; = 925 kgnt3. depth assumed and the differences in the measurement tech-

nigues. The ice freeboard from ICESat is measured using
a laser whose signal is reflected from the snow-air inter-
bias, in this study we provide additional physical insight, face, while the radar signal from CryoSat-2 is assumed to
quantifying uncertainties resulting from geophysical param-be reflected from the snow-ice interface. Hence for ICESat

eters such as area, snow depth and sea ice density. data, more snow results in thinner sea ice, while for CryoSat-
2 more snow results in thicker sea ice estimate. As stated
5.3 Implications for trends in sea ice volume above, the W99 climatology overestimates the snow depth

on Arctic sea ice, not only over FYI (as previously found by

The calculated uncertainties have implications for trends inKurtz and Farrell20113, but also over MYI. Therefore our
sea ice volume. Our time series of ICESat freeboard meaestimates of ice thickness and volume from ICESat might be
surements from NSIDC is rather short, ranging from 2005too low and estimates based on CryoSat-2 too high, which
to 2007, which is admittedly too short to allow for ro- could artificially lead to the low loss, or increase, in ice vol-
bust calculations of trends. We therefore applied our calcu-ume between the two periods.
lated uncertainties of 12.7 % in February/March and 14% Sea ice thickness estimates from JPL (Kxgok and Cun-
in October/November to the longer time series processed atingham 2008 andLaxon et al(2013 have been evaluated
JPL Kwok and Cunningham2008. Using a weighted re- and agree well with independent in situ data. Assuming that
gression to account for the obtained uncertainties (weightedhese data sets represent the real state of the Arctic sea ice,
by 1std?2), we calculate a trend of1450+ 530 knPa ! this implies that there are large biases in the freeboard re-
in October/November and-880+ 260knfa ! in Febru- trievals and that these biases are mitigated by the choices
ary/March. The calculated trends are close to the previousnade for sea ice density and snow depth. Biases can indeed
findings fromKwok et al. (2009 of —1240knfa ! in Oc- be expected, in particular for CryoSat-2 due to preferential
tober/November and-860 knPa 1 in February/March, re- sampling of leadsTonboe et a].2010 or the unknown pen-
spectively. etration depth of the radar signal into the snow lay#illat

ICESat operated until 2008, and efforts to produce long-et al, 2011). The evaluation data, however, are still highly
term trends by merging ICESat data with recent CryoSat-limited in space and time, and do not cover all ice types and
2 data are ongoind.axon et al.(2013 produced the first seasons. Therefore, more work is required to distinguish be-
estimates and concluded on a loss of ice volume in Octotween the different, seasonally changing biases.
ber/November of 4290 kfrbetween the mean of the ICESat  However, the moderate ice loss as found in our study in
period (2003-2008) and the CryoSat-2 period (2010-2012)autumn is consistent with synoptic airborne measurements
which is a loss of about 36 %. In February/March they esti-during summer, showing little change in sea ice thickness
mated a smaller loss of about 1480%rm Table5we com-  (Haas et a].2010, and with satellite-based retrievals show-
pare our results to the ICESat values from JRw@k and ing a slight recovery of the MY fraction from 2008 till 2010
Cunningham2008 and CryoSat-2 values frofraxon etal.  (Stroeve et a).2012. On year-to-year timescales a tempo-
(2013, illustrating the importance of the density estimate. ral recovery of Arctic sea ice is indeed possible given e.g. an
Despite a consistent long-term change between ICESat aneffective loss of insulation caused by the autumn snow end-
CryoSat-2 there are also differences that can be elucidateithg in the ocean and not on the sea iblo{z, 2009 Tietsche
by our new results on uncertainties. The main difference iset al, 2011J).
the high density of 925 kg in the JPL data set used when
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To get more robust results for long-term trends, furtherobtain a trend 0f-880+260 kn?a~1 in February/March and
evaluation of the freeboard retrievals, in particular from —1450+530kn?a~1 in October/November in the ICESat
CryoSat-2, is needed and more reliable estimates of sea icgeriod 2003—2008.
density and snow depth on the Arctic sea ice are necessary. Our results still reveal a decline in sea ice volume between
Our results indicate a less dramatic decline in Arctic sea iceghe ICESat (2003—2008) and CryoSat-2 (2010-2012) peri-
volume than reported in previous studies, but it is not pos-ods, but less dramatic than reported in previous studies. How-
sible to draw quantitative conclusions about changes in seaver, final quantitative conclusions about a change in sea ice
ice volume between the ICESat period (2003—2008) and therolume are hard to make, considering the large uncertainties
CryoSat-2 (2010-2012) period. and unresolved biases found in our study.
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