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ABSTRACT. Remotely sensed derivation of sea-ice thickness requires sea-ice density. Sea-ice density
was estimated with three techniques during the second Sea Ice Physics and Ecosystem eXperiment
(SIPEX-11, September—November 2012, East Antarctica). The sea ice was first-year highly deformed,
mean thickness 1.2m with layers, consistent with rafting, and 6-7/10 columnar ice and 3/10 granular
ice. Ice density was found to be lower than values (900-920kgm™ used previously to derive ice
thickness, with columnar ice mean density of 870 kgm™. At two different ice stations the mean density
of the ice was 870 and 800 kgm™, the lower density reflecting a high percentage of porous granular ice
at the second station. Error estimates for mass/volume and liquid/solid water methods are presented.
With 0.1m long, 0.1 m core samples, the error on individual density estimates is 28 kgm™>. Errors are
larger for smaller machined blocks. Errors increase to 46 kgm™ if the liquid/solid volume method is
used. The mass/volume method has a low bias due to brine drainage of at least 5%. Bulk densities
estimated from ice and snow measurements along 100 m transects were high, and likely unrealistic as

the assumption of isostatic balance is not suitable over these length scales in deformed ice.
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INTRODUCTION

Sea-ice density is a key parameter in the estimation of sea-
ice thickness using freeboard measurements from airborne
or spaceborne altimeters The density range generally used in
Antarctic sea-ice thickness estimation is 900-920kgm—3
(Giles and others, 2008; Worby and others, 2008; Zwally
and others, 2008; Kurtz and Markus, 2012; Xie and others,
2012; Price and others, 2013}. This is generally hased upon
either the Timco and Frederking (1996) review, or measure-
ments taken in a specific location. A 10kgm~* uncertainty
in ice density is typically assumed when estimating
uncertainty in the retrieval of ice thickness from freeboard
(Kwok and Cunningham, 2008; Price and others, 2014). For
lce, Cloud and land Elevation Satellite (ICESat)-based
estimates of sea-ice thickness, uncertainty in ice density
accounts for up to 12% of error in the thickness estimate
(Kwok and Cunningham, 2008).

Sea-ice density is dependent on where the ice is in
relation to the waterline, the ice type (Timco and Frederking,
1996), and temperature and salinity of the ice (Cox and
Weeks, 1983). Measurements reported in the literature vary
between 720 and 940 kgm—3. Densities of ice formed from
frazil or columnar growth are reported as being similar
(Sinha, 1984). Estimales of bulk sea-ice density over the
entire ice column tend to be lower for multi-year ice than for
first-year ice, due fo brine drainage.

The mean density of first-year ice is often taken to be
920 kg m~3, derived by Timco and Weeks (2010). Different
methodologies were used by the authors of the reports
surveyed in the Timco and Weeks (2010) review, making
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intercomparison of the different field measurements diffi-
cult. Measurement errors and biases are not always
reported, further compounding difficulties in determining
mean ice density.

There are relatively few measurements taken of sea-ice
density around Antarctlica. To estimate mean first-year ice
density, Timco and Frederking (1996) used datasets from 16
field sites. Only one of these was an Antarctic-based field
study, at Litzow-Holm Bay (Urabe and Inoue, 1986). That
study found relatively low values for density, 750-880 kg m 3
(Urabe and Inoue, 1986). A value of 900kgm= has been
taken by several studies to estimate Antarctic sea-ice
thickness (e.g. Giles and others, 2008, Worby and others,
2008). That density is based upon a set of field measurements
taken during summer and winter (Buynitskiy, 1967).

Other studies use information from Timco and Freder-
king’s (1996) review, which suggests a higher mean bulk ice
density of 910-920kgm 3, though with limited sampling of
sea ice in the Southern Ocean. Price and others (2014) report
mean first-year ice density of 915 kgm? in McMurdo Sound.
They report higher values of 927 kgm~? estimated using the
hydrostatic assumption over seven drillhole measurements.

It is unknown whether these values of mean bulk ice
density are applicable to all the ice types and conditions
found throughout the Southern Ocean. Reports of relatively
low first-year ice bulk density in the Antarctic (Buynitskiy,
1967; Urabe and Inoue, 1986) and higher density (Price and
others, 2014) suggest that uncertainty may be >10kgm= in
the Antarctic. Increased reporting of measured ice density
would provide a larger dataset from which to estimate mean
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?1D) ) FUd cZWfilgY hfUW#h\IW_V'iY “]bY$)k]h\ “cWUh]cleZ WY(
Xf]zh]b[ghUh]cbg #[fYYb$UbX 2 #WmUHSY hfUwW_gfYcjYfU]X cb U
FcXYfuhY JYgc'ihlcb BaU[]b[ KdYWhfcfUX]caYhY#FH=BK$ hfiY(
Wc'cf]laU[Y) Hb h\]g JaU[Y h\Y WcUgh']bdZ:bhUfwWh]w]d g\ckb Ug
U Db V3iY h\lb “TbY UbX h\Y JWYhcb[iYg UfY cih’]bYX k]h\ U h\]b

WmURbY)

JWYXYbglhmk]h\  [fYUhYf ghUh]gh]WWcbZKYbWY)Bbh\l]g dudYf
kY fydcfh JWY XYbglhmaYUgifyaYbhg cVhU]bYX Jb h\Y >Ugh
‘bhUfWhIWXiflb[  h\Y -+,-  UighfU" k]bhYf(hc(gdflo[  hfUbg]h]cb

=]2ZYfYbh aYh\cXg kYfY igYX hc aYUgifyY XYbglhm Zfca

UXAUWYbHWY WefYyg UbX XfI']b[  hfUbgYWhgOY hU_Y h\lg
cddcfhib]lnm  hc ]XYbh]zmYffcfg UbX V]UgYgZcf YUW\ cZ h\YgY
aYh\cXg)
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=iflol  h\Y gYWcbX KYU BWY\mg]Wg UbX >WcgmghYaYPdYf](
aYbh #)I>P(BB&/ KYdhYaVvYf(/ Gcjyavyf -+-$& h\y @=
(?<;<0 (?=><097gu]'YXZfca h\Y aUf[JoU’ ]WYncbY U'acgh hc
h\Y :bhUfWh]W ZUgh(QWYX[Y 1b h\Y fY[lcb ,-,)0(,.)0g>)
KYjYfU" JWYghUh]cbgkYfY WcbhXiwhYXU'cb[ h\Y hfUw_#?])) ,$)
:h ghUh]cbdl #1(,, HWhcVYf$UbX 2 #,4(-.  HWhcVYf$&i'h]dY
WYWcefYgkYfY hU_YbUX UWYhic YUW\ch\Yf Zcf h\Y difdcgY cZ
XYbglhm aYUgifyaYbhg) L\YgY kYfy dfcwYggYX Zcf JwY
ghfiwhify& hyadYfuhifY UbX gUJblhmdfcZ] "Yg)L\Y WecfYgkYfY

CWUhYXV'cgYhc U ++ a JWYh\IW_bYgggifiym BbY #'hfUbgYWh"s)

cb[  h\]g BbY&gbck dlhgkYfY hU_YbUh+&0+ UbX ,++ a" b
UXX]h]cbU" hke dlhgkYfY aUXY UhghUh]cbl U'cb[ U,++ a ‘JbY
dYfdYbX]Wi'Uf hc h\Y h\|W_bYgg hfUbgYWhKbck h\]W_bYgg&
gbck*]WY ]bhYfZUWYhYadYfuhifY& JWY ZfYYVcUfX UbX hchU
h\]W_bYggkYfY aYUgifYyX Uh, a ]bhYfjU'g U'cb[ h\Y hfUbgYWhg)
:h hkc glhYg&bY cb JWYghUhjcbl W'egYhe 0+ a cb h\y
giffym “lbY&h\Y ch\Yf cb JWYghUh]cb2 W cgYhe ,++ a& hkc WY
WefYgkYfY hU_Ybg]XY Vmg]XY) L\Y JWYh\|W_bYggkUg ,)1 UbX
-)-/ a Uhh\Y ghUh]cbl UbX 2 glhYgYgdYWh]jY m)\Y glhYgkYfY
WicgYb Zcf VY]b[ fY UhJ)Y'm YjY™ WcadUfYX hc giffcibX]b[
JWY)HZ h\Y hkc WecfygzZfca YUW\glhY&bY kUg dfcWYggYXZcf
WY ghfiwhifY UbX igYX Zcf XYbglhmaYUgifyaYbh k]h\ gaU™
VeW_g)L\Y ch\Yf kUg XYX]WUhYXc XYbglhmaYUgifYaYbh)

'12),$2)~( 1$)%  &-1)24
KYU(WY XYbglhm aYUgifyaYbh  ]g bchcflcigm  X]ZZ]Wih):
ghUbXUfXaYh\cXc'c[m hc aYUgifY gYU(WYXYbglhm\Ug bch
VYYb U[fYYX idcb& UbX& hc cif _bck'YX[Y&  X]ZZYfYbh
aYUgifYaYbh aYh\cXg \UjY bch VYYb WcadUfYX ]b glhi)
L\YfY UfY gYjYfU® aYh\cXg c¢Z Yghlauhlb[ JWY XYbglhm&
KW\ UFY fYjIYKYX  Vm LlaWc UbX ?fYXYf_lb[ #,441$) Bb
h\l]g ghiXm kY ZcWig cb WcadUflgcb c¢Z h\fYY aYh\cXg5 h\Y
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aUgg*jciiaY aYh\cX #Zc'cklb[ LlJaWc UbX ?fYXYf_]b[&
,441$& h\Y “lei]X*gc’]X jcliaY aYh\cX UbX h\Y hfUbgYWh
aYh\cX)

Bb hU_]b[ WecfYg hc YghJauhY JWY XYbglhm&VUfYg\ci'X VY
hU_Yb hc alblalnY  VflbY XfUlbU[Y Kk\J'Y dfcWygg]b[ h\Y
Wef g) : WefY h\Uh Jg dfcWYggYXZcf hyadYfuhify UbX Wih cb
h\Y JWYK]™ YIdYflYbWY gcaY VflbY XfU]bU[Y&

?cf h\Y aUgg*jclia¥Y  aYh\cX& U WecfY ]g Wih Jbhc gYWh]cbg
UbX KY]M\YX) L\Y jcliaYy cZ YUW\ gYWh]cb ]Jg YghJauhYX
Uggialb[ ghUbXUfX X]JaYbg]cbg) OY WcadUfYxX h\Y igY cz
aUW\IbYX WiVc]X V'eW_gZfca U ghfiwhify Wcfy&Jh\ +), a
gYWh]cbg Zfca  XYbglhm(XYX]WUhYX WcfYg) LY  XYbglhm(
XYX]WUhYXWecfY kUg dfcwYggYX gc Ug hc alblalnY  VflbY
XfUlbU[Y& Wihh]b[ h\Y WecfY JaaYXJUuhY'm cb YIhfUWh]cb UbX
ghcflo[  YUW\ gYWh]cbgYdUfUhY 'nib W' cgYXWcbhU]bYfg)

L\Y ‘Tlei]X*gc’]X jcliaY  aYh\cX ]bjc’jyg aYUgiflo[ h\Y
jclia¥Y  c¢Zgc]IX UbX aY'hYX WcfY gYWh]cbg)l\lg aYh\cX aUm
VY Yad'cmYX k\Yb UWWYghc U ZfYYnYf "UVcfUhcfm ]g bch
degg]V'Y&OY igYX h\lg aYh\cX cb XYbglhm(XYX]WUhYWcfYg&
gc kY WUBX]fYWh meHadUfY ]hk]h\ h\Y aUgg*jciiaY  aYh\cX)

L\Y hfUbgYWhYh\cX igYg JWYh\IW_bYgg&ZfYYVcUfX&gbck
h\]W_bYggUbX XYbglhmXUhUwc ' YWhYXcb[ ,++ a hfUbgYWhg)
BWYXYbglhm]g YghlauhYX Uggialb[ h\Uh h\Y JWY UbX gbck
U'cb[ h\Y hfUbgYWIig ]b \mXfcghUh]WWU UbWY)
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L\Y gUaY aYh\cX kUg igYX hc dfewygg h\Y hkc ghfiwhify
WefYg Zfca ghUhjcbg 1 UbX 2& U'h\ci[\ YbjlfcbaYbhU*
WecebX]h]cbg jUfTYX Uhh\Y hkc ghUh]cbg):h Vch\ ghUhlcbg& a
Ulf hyadYfUhifY jUflYX VYhkYYb (, =c< UbXT,g<) OUfaYf U]f
WeciX fygith ]b Yb\UbWYX VflbY XfUlbU[Y Zfca WcfY gYWh]cbg
h\UhkYfY bch JaaYX]JUuhY'm d'UWYX]b U ZfYYnYf)

L\Y WY WcfY kUg d'UWYXK\cY ]b U WcfY hiVY& UzZhYf
fYWcfX]b[ WY hYadYfUhify YjYfm +)+0 a U'cb[ h\Y WcfY&
ghcfYX Uh (--"# UbX “UhYfdfcwYggYX ]b h\Y ZfYYnYf Zcf
ghfiwhify VmWihh]b[ U h\lb gYWh]cbcih c¢Z h\Y WYbhYfcZ h\Y
WcfY) KYWh]cbgkYfyY Wih Uh +)+0 a ]bhYfjU'g& cf Z]bYf ]Z
fYeilfYX hc XYZ]bY]bhYfZUWYlp h\Y WcfY)JYWhUb[i'Uf V'cW_g
kYfY WihZfca cbY \U'ZcZ YUW\WcfY gYWh]cb)L\Y X]aYbg]cbg
cZ h\YgY V'cW_gkYfY aYUgifyX VmWUldYfUbX YUW\ V'cW_
kUg kYI\YX)  =YbglhmcZ h\Y V'cW_ kUg WU 'Wi'UhYXUg h\Y
kYIDh - X]IXYX Vmh\Y jcliaY)  L\Y XYbglhmcZ YUW\V'cW_]g
d’chhYXUgU dfczZ] BY]b ?][ifY -)

L\Y aYUgifyaYbh Yffcf Zcf h\]g aYh\cX ]g fy Uh]jY m\][\&
Ug ]h ]g 1bjYfgY'm fY'UhYXhc h\Y jclia¥Y  UbX kY]\h  cZ h\Y
VeW_gUbX h\Y V'eW_gkYfy gaU™) IfcdU[Uhlcb cZkY]\h UbX
'Yb[h\ aYUgifyaYbh Yffcfg h\fcil  cif WU Wi'Uh]cb[llYyg Ub
ibWwYfhUlbhm VcibX cb h\Y XYbglhm Yghlauhy) L\Y kY]\h
aYUgifyaYbh \Ug UWWifUWrZ h\Y gWU Y+ 8 +)+, [) EYb[h\
aYUgifyaYbh ]g hU_Ybhc VY UWWifUh¥c klh\lbo X8, aa& hc
UWWcibh Zcf h\Y dcgg]V]'Thm h\Uh WU'ldYfg kYfY bch d'UWYX
dUfU™ Y™ he V'eW_g]XYgk\Yb aYUgiflo[  “Yb[h)) OY YghlJauhY
aYUgifYaYbh Yffcf Zcf XYbglhmZc  ck]b[

?’]8 (ﬁ%(‘F& #$
k\YfY —+ ]g h\Y aYUb V'cW_ X]aYbglcb UbX F ]g aYUb
gY[aYbh aUgg) L\Y aYUb JWYXYbglh]lygklh\ aYUgifYaYbh
ibWwYfhUlbhm UfY 31, r13_[a(* UbX 23-r02_Ja(* Zcf
h\Y WcfYgUhghUh]cbgl UbX 2 fYgdYWh]jY ' m)\lY XUg\YX ‘]bYg]b
?IfY - g\ck h\Y aYUgifyaYbh Yffcf Zcf YUW\V'cW_VUgQYX
cb h\Y UWhiUV'eW_X]JaYbglcbg UbX kY][\h)
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