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SUMMARY

This report has analyzed the sensitiviy of ice thickness rerieval from CryoSat2, based on input data
regarding snow and ice density, ice density, water density, as well as the error sources for the thickness
retrievals. Different algorithms for retrieval of thickness from freeboard measurements have been

analyzed. The results of the analysis is used in the validation of CryoSat retrieved ice thickness
presntedin D6.4.
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1 Introduction

Model simulations and observations confirm the decline of sea ice thickness (SIT)
and hence sea ice draft (SID) in the Arctic. The aim of this study is to develop,
validate and select algorithm for SIT retrieval from CryoSat2. The new developed
A(FD2) algorithm for CryoSat? is validated with collocated SID from ULS and SIT
from laser altimeter (LA) on board Operational Ice Bridge (OIB) by comparison of
SIT and SID derived from ULS and LA with collocated SID data. The CryoSat2
A(FD2) algorithm with minimum bias is selected. The accuracy of the FD
algorithm is confirmed by comparison of SID and SIT derived from collocated
moored and on Submarine ULS, LA and RA. ESA/CryoSat2, NSIDC, climate
change, cryosphere and numerical prediction models will benefit the results of
this document
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2 Ice thickness retrieval from CryoSat2 and laser altimeter

The algorithms to retrieve sea ice thickness (SIT) and sea ice draft (SID) from
radar and laser altimeters and corresponding uncertainties are discussed in the
following section.

2.1 Sealce draft and SIT retrieval from radar and laser altimeters using
the equation for hydrostatic equilibrium

Assuming hydrostatic equilibrium, the SIT, h;, can be retrieved from the
freeboard, hg, measured from CryoSat2 (Figure 2.1) by:

hi=(hsps +hsipw)/(pw - i), (2.1)

where the snow depth (hs) and density (ps) from Warren climatology [Warren,
1999] (WC) as a function of latitude, longitude and month of the year in the
Arctic have been used until now [Laxon et al, 2012].

air air/snow
'y interface

snow Ry
¥ snow/ice
A A h; interface

L Y sea
4 4 surface
h sea ice R ons

Y

Seawnaer- . . e o . o rEleTenes
ellipsoid

Figure 2.1: Computation of sea ice thickness from ice freeboard measured by radar and
laser altimeter.
Assuming that the radar returns are from the snow—ice interface, which is valid

for low temperature and dry snow, the SID, retrieved from RA is calculated as:

dra=hi-hs = (hsps +hiipi)/( pw - pi), (2.2)
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where h; is the SIT, calculated by Equation 2.1, and hy is the retrieved freeboard
from radar altimeter. Water density, ps, and ice density, p;, depend on
temperature, salinity and ice type, but to simplify the algorithm, constant values
have been used from different authors, leading to incompatible results and
errors in estimated SIT from RA [Connor et al, 2009, Laxon et al, 2012]. Seven
algorithms for freeboard to SIT conversion have been compared, validated and
the impact of sea ice density, snow depth density and water density has been
examined [Djepa and Wadhams, 2013]. The validation (with ULS and OIB/laser
altimeter) and sensitivity analyses demonstrated that the assumption of the half
snow depth over first year ice (FYI) and fixed ice densities over FYlI and MYI will
lead to underestimation of the SIT.

The SIT, retrieved from the airborne Ilaser altimeter (LA/ATM) on board
Operational Ice Bridge (OIB), has been used for algorithm selection and
validation. The SIT, retrieved from LA [Kurtz et al 2012] is snow depth, density,
ice density and freeboard dependent as the SIT retrieved from RA and is
calculated from the freeboard retrieved from the airborne laser scanner (hy) at
the air-snow interface by:

hi= pwhe/(Pw-pi)-( P wPs)Ns/(Pw-pi) (2.3.)

where (hy), is the snow depth, r; , rs , r, are the ice, snow and water densities.
The laser altimeter measures the freeboard on air snow interface, h; and the
radar altimeter measure the freeboard on ice snow interface in the presence of
dry snow and cold conditions (Figure 2.1).

2.2 Algorithms for sea ice thickness retrieval from CryoSat2

The CryoSat2 (A2) algorithm for freeboard to SIT conversion, used from Laxon et
al (2013), to calculate the sea ice mass balance in the Arctic is based on
equation for hydrostatic equilibrium (Equation 2.1), assuming fixed ice and water
densities ( piry = 916.7 kg m ™ for FY ice and pyy =882 kg m* for MY, p,=1030 kg/m* ), snow
depth and density from WC and half of the snow depth from WC (hsy=0.5hs (WC))
over FYIl. In presence of FYl and MYl within altimeter averaged area, the ice
density and snow depth are calculated by:

pi=fr(FY) 916.7 +(1-fr(FY))882(kg/m°), (2.4)
h.= 0.5fr(FY)*h, (WC)+(1-fr(FY))hs (WC) (2.5)

where hg(WC) and the fraction, fr(FY), of FYl from the RA averaged area can be
taken from OSI-SAF for limited period (since 2005). The SID, retrieved from the
freeboard, applying CryoSat-2 algorithm is calculated and compared with
collocated SID(ULS) (Figure 2.2.).
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Figure 2.2. SID, calculated by A2 (CryoSat2) algorithm. a) SIT (A2), 2010; b)
SIT(AL1)-SIT(A2), 2010; c) SID(A2)-SID(ULS), Beaufort Sea, 1996; d) SID(A2)-
SID(ULS), Beaufort Gyre, 2002-2008; e) SID(A2)-SID(ULS), Beaufort Sea, 2007.
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The comparison of SID(CryoSat2) with independent SID(ULS) in different
locations within 7 years and comparison of SIT(A2) with SIT(A1l) (Figure 2.2/c)
demonstrated that the Cryosat2 algorithm always underestimates the SID and
SIT.

The algorithm proposed by Hendricks, et al, (2013) is not applicable for SIT or
SID retrieval from CryoSat-2 because there are fundamental errors in the
equation provided and the assumptions, leading to unrealistic negative sea ice
draft and SIT estimates, using F derived from RA.

Because the CryoSat algorithm underestimates the SIT and SID and the
Hendricks et al (2013) algorithm gives negative values for retrieved SIT, new
algorithms have been developed to retrieve SIT from CryoSat2.

Sensitivity study and uncertainty analyses have been applied to identify the
impact of ice, snow and water density and snow depth on retrieved SIT from the
freeboard measured from RA and to develop the new algorithms.

2.3 Sensitivity of retrieved SIT on input parameter variability

The assumptions of fixed ice density for FYl and MYl and half snow depth over
FYI of CryoSat-2 algorithm have been tested applying sensitivity analyses. The
equation (Equation 2.1.) for freeboard to SIT conversion is used for sensitivity
analyses, with snow density and depth from WC, water density ri=1025kg/m3
and ice density (720- 950kg/m3). Assuming hydrostatic equilibrium, using ice
density, 916.7+35.7kg/m3 (used in CryoSat-2 Algorithm), with snow depth
0.05m over FYI will produce SIT=1.096m with uncertainties +0.2717m for
hfi=0.1m and the SIT uncertainty will increase, when snow depth, density and
ice freeboard increase. If the area with MY is misclassified as a FYI, use of a
constant (wrong) FY ice density (916.7kg/m3) instead of MYI density (882kg/m3)
will lead to SIT=4.4086+1.093m (for hfi=0.45m) instead of
SIT=3.3388+0.4626m, overestimating SIT by 1.0698+0.63m for the same snow
depth. SIT will be underestimated with 1.2m for hfi=0.2m if the snow depth is
decreased 2 times (from hs(WC)=0.44m to hs=0.5hs(WC)) over FYI (CryoSat-2
algorithm).

SIT, calculated assuming ri =900kg/m3, rw=1030kg/m3, rs =300kg/m3,
hfi=0.3m, hs=0.3m) will be underestimated by 0.35m (from 3.07m to 2.72m) if
we assume half snow depth (hs=0.5(WC)) over FYI and the error will increase if
hfi increase.

SIT calculated, applying CryoSat2 algorithm (ri =882kg/m3, rw=1030kg/m3, rs
=300kg/m3, hfi=0.3m, hs=0.3m) will be underestimated by 0.42m (from 3.11m
to 2.69m) if we assume half snow depth (hs=0.5(WC)=0.15m) over FYI and the
error will increase if hfi and hs increase.

Snow density also impacts the accuracy of the retrieved SIT. SIT will be
underestimated by 0.15m (from 3.12m to 2.97m) assuming ri =900kg/m3,
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rw=1030kg/m3, hfi=0.3m, hs=0.3m, (Al algorithm) if we use rs =260kg/m3
(Used from OIB2009) instead of rs =320kg/m3 (Used from OIB2010). For snow
depth 30 cm and sea ice density in the range 720 to 950kg/m3, the uncertainty
in the calculated SIT due to impact of ice density is up to 1.08m.

The uncertainties will differ for different snow depth and freeboard and this
requires use of ice density calculated along the track as a function of freeboard
and snow depth. The simulations confirmed the dependence of ice density and
SIT on freeboard, snow depth and density, as well as the sensitivity of the
retrieved SIT from RA on accuracy of the input information for ice and snow
density, freeboard and snow depth.

The uncertainties of the retrieved SIT from CryoSat-2 will be discussed in the
next section.
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3 Factors impacting the accuracy of the retrieved SIT from
CryoSat2

Considering sensitivity analyses and Equation 2.1., the main sources of errors of
the SIT derived from the Cryosat-2 are : i) sea ice freeboard retrieval from
CryoSat-2; ii) SIT retrieval from hg (Equation 2.1.) and absence of a-priori
information for snow and ice type, density and snow depth;

3.1 Errors associated with the determination of sea ice freeboard

The elevation of the sea ice or lead is calculated by fitting a model to determine
the first arrival time (T) of the echo at the satellite position at point Z from the
surface. This echo delay is converted to elevation by:

Rops = Z— CT/2 3.1)

where c is the velocity of light and hobs is the elevation of an ice floe with
respect to the reference ellipsoid.

The error in the first arrival time (€:) has two contributing factors: i) due to the
fact that the retrieval assumes the surface locally to be a plane (&) ; ii) due to
contribution from the instrument ( &) to the error in T.

Sea ice freeboard is calculated by subtracting an ice elevation from some local
average of the ocean elevation:

h’fi (.’I, tj = hﬂbs —4A h’o b= (.’I, tj - Z }F_;l' (.‘I, t:] [hssh (x_;l' Y t_;l':] T4 hssh [:x_;l" t_;l':]:]

I

hfz' (.’I, tj = hr.:- bz (xr t] - 'i;'ssh [:x! t] (32)

where hﬁ’ is the estimate of the surface of the lead. If the lead is not present,

Ah,ys and Ah., are corrections that account for the tides and ocean topography
at the location and time of the measurements of the ice or lead. The elevation of

water (SSH) is a sum of contributions from a number of physical processes:

hssh (x, t) = hg(x) +ha(x, t) + hT(x, t) + hd(x, t) (3.3)

where hg is associated with geoid undulations, ha represents the atmospheric
pressure loading, hT summarizes tidal contributions, and hd accounts for the
ocean dynamic topography associated with geostrophic surface currents and
other surface currents caused, e.g., by eddies. All these terms vary in time and
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space and contribute to the uncertainty of the derived sea ice thickness (SIT)
when the sea ice, water and snow height are measured relatively to the level of a
reference ellipsoid. The sea ice freeboard, hfi, can be measured also as a
difference between the sea ice surface or ice-snow interface.

Considering above the error (=::) of the sea ice freeboard is:

¢ (Erﬂ (xt) — Ef.s.sh (x, tj) + T[Ec (x,t) — &.(x, t:])

2 2
+ g(x, t) — &(x.t)

ei(x,t) = +e (xt) — €. (xt)

(3.4)

where &- (retrieval error), &: (propagation error), £ (ocean tide and topography
model error), £ (instrument error), €z (satellite position error) will be discussed

in the following sectiopns. The retrieval error (€+) depends on surface roughness
and penetration.

3.1.1 Surface roughness

The statistics of the surface roughness of sea ice may not be stationary within
the area illuminated by the altimeter (— 1 km?). If there are many corrugations
within this area then the retuned echo will be sensitive to their average
properties, however if the corrugation is large, or if it has a particular orientation,
then the effect on the echo may be complicated and the elevation may be biased
as a result. Handricks et al (2010) demonstrated that laser airborne and RA on
board of satellite can be statistically biased by presence of small patches of open
water or ice deformation zone.

3.1.2 Penetration error

It is generally assumed that the dominating scattering surface for the radar is
from the snow/ice interface. Some observations demonstrate variations in the
radar penetration depth over Arctic snow covered sea ice.

The penetration depth of radar signal depends on the snow properties. If sea ice
is covered by dry, cold snow, Beaven et al. [1995] found from laboratory
experiments that a Ku-band radar signal at normal incidence reflects at the
snow-ice interface. In case of wet snow the radar signhal does not penetrate into
the snow layer, but reflects from the snow surface [Hallikainen, 1992]. Internal
ice layers and ice lenses in the snow layer, snow grain size and the presence of
frost flowers affect the penetration depth.

Airborne radar altimeter and in situ field measurements, collected during the
CryoSat Validation Experiment (CryoVEX) on May 2006 and 2008 field campaigns
have also been used to investigate the dominant scattering surface over Arctic
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sea ice. Giles et al. [2007] found radar penetration to agree well with expected
snow depths in Fram Strait. Results of measurements carried out north of
Greenland by Willatt et al. [2011] show that in 2006 only 25% of the dominant
radar return originated from closer to the snow-ice interface than to the snow
surface under close to freezing temperatures while in 2008 this number
increased to 80% during colder conditions (T20s=-4L0C and Tao0s=-8LIC).
Hendricks et al. [2010] finds no penetration of the ASIRAS radar into the snow
layer covering the sea ice in the Lincoln Sea (outside Alert) for neither the 2006
nor the 2008 data set. Further they find a small penetration of the radar signal of
the sea ice in the Greenland Sea (Fram Strait), but with obtained depths less
than the expected snow depths. Both studies by Willatt et al. [2011] and
Hendricks et al. [2010] are based on data collected in late spring when the snow
might not be dry and cold anymore. Ricker et al. [2012] found reflection
somewhere between the snow surface and the snow-ice interface based on ESA
CryoVEx 2011 data, which were collected earlier in the season (mid-April) during
cold dry conditions. A similar result was found by Willatt et al. [2010] for cold
Antarctic snow on sea ice. The results from these investigations suggest
penetration depth dependence on temperature because in 2006, when the snow
temperatures were close to freezing, the dominant scattering surface in 25% of
the radar returns appeared closer to the snow/ice interface than the air/snow
interface. However, in 2008, when temperatures were lower, the dominant
scattering surface appeared closer to the snow/ice interface than the air/snow
interface in 80% of the returns. It is important to note that the CryoSat-2 and RA
estimates of sea ice thickness are only made during winter (October-March)
when cold conditions may be expected. Connor et al, (2009) compare airborne
laser altimetry (ATM) elevations and elevations from the Envisat radar altimeter
(RA-2) over sea ice and show that the radar elevation are lower than the laser
elevation. They find a mean difference in elevation of 0.36 m over floe (flat
unbroken surface), which is consistent with the snow depth climatology from
Warren et al (1999) and difference of 0.31cm over leads. Further CryoVEXx
experiments have been conducted to investigate the radar penetration into the
snow layer (e.g. CryoVEx 2011). The comparison of ASIRAS and ALS data in
Fram Strait from the ESA’s CryoSat Validation Experiment (CryoVEx) show that
the radar scattering interface depends not only on the temperature at the time of
observations but also on presence of refrozen areas due to rise of the
temperature in the past or due to small ice freeboard, close to the sea —water
interface and presence of thick snow cover [Cicek et al 2013] or presence of
open water. Hendricks et al (2010) demonstrated that airborne laser and space
borne radar can be statistically biased due to presence of small patches of open
water, due to impact of surface roughness or due to uncertainties in the
measured freeboard from laser altimeter but not due to penetration of RA echo in
the snow.

Simulations conducted by [R30] suggest that a proportion (—~7%) of the
altimeter radar pulse is reflected from the air-snow interface even for dry snow.
This “early return” distorts the returning pulse and reduces the half power time
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which results in an “effective scattering surface” somewhat above the snow-ice
boundary. The extent to which this occurs, assuming that the reflectivity of the
snow and ice are constant, is dependent on several parameters, the most
important of which are the snow and ice surface roughness, snow thickness and
density. Experimental and theoretical studies demonstrate that the ice density
depends on effective scattering interface which is: i) on ice interface if it is not a
snow depth; ii) on effective snow-ice interface which depends on ice freeboard,
snow depth and density

3.1.3 The difference in the shape of the echo from the ice and the leads

The retrieving of the first arriving time, 7, from an echo involves fitting of radar
data to a model, which describes the echo shape. The shape of radar altimeter
echoes varies depending on the surface. Over the consolidated ice pack, and
open-ocean, diffuse echoes are observed, however over leads the radar echoes
are specular. Therefore different models are used to retrieve 1T over the ice and
over the leads, which results in a bias between the elevations from the ice floes
and from the leads.

3.1.4 The propagation error and tidal error

3.1.4. The propagation error () and tidal error ()

The importance of these errors depends on how the difference between the ice
elevation and the ocean elevation is performed. When the ice freeboard is
calculated as a difference from a mean sea surface and mean ocean observations,

then €: and € is estimated by:
g (x,t) —€.(x, t)ve, (x,t) elxt) —&(x,t)~e(x,t) (3.5)

However, if there are enough elevation estimates from leads to extrapolate the
ocean surface along the satellite track, forming an ‘instantaneous’ mean sea
surface then

e (x,t) —€.(x,t)~0 gx,t) — & (x,t)~E (3.6)

The propagation, tidal and dynamic topography errors have length scales larger

than typical ice floes and therefore they cancel. The instrument errors ('5:)
contain short scale geoid errors, which may lead to increased estimate of the sea
surface height.

3.1.5 The speckle error
All radar echoes exhibit a form of signal distortion know as ‘speckle’. As the
speckle decorrelates between consecutive echoes summing over n echoes
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reduces the noise due to speckle by Jn . Therefore, for gridded ice thickness
products, the errors depend on the number of observations in a particular grid
cell. This quantity will vary spatially due to the convergence of the ground track
at the latitudinal limit and also seasonally as the fraction of leads and ice floes
varies.

3.1.6 Satellite position error
As with the propagation and tidal errors we expect that the orbit errors will

cancel in the freeboard calculation. Therefore €:(x,t) — & (x,t)~0

3.1.7 Sampling error (error of omission)

The radar may not sample the smallest floes and if the statistics of the sampled
ice are different to the total ice cover then this will result in an error in the
spatially averaged ice thickness. [Wingham et al., 2001] suggest that this error
could be investigated using airborne thickness measurements (laser altimetry or
EM techniques) combined with imagery and by combining satellite retrievals of
sea ice thickness with imagery.

Please see [Wingham et al., 2001] for a description of the co-variance of the
error in satellite derived sea ice thickness estimates.

The re-tracking algorithms and the collocated geophysical corrections for RA-2
altimeter and MWR data products are described in ENVISAT RA2 /MWR products
manual [R24].

3.2 Errors associated with the conversion of the freeboard derived from

CryoSat-2 to SIT
The main sources of errors associated with conversion of freeboard to SIT are
related with: i) impact of water, ice and snow ice densities; ii) impact of snow
depth. The impact of ice, snow, water density and snow depth on retrieved SIT
and SID, using ULS, LA and RA is discussed in the next section.

3.2.1 Impact of Sea Ice, snow and water densities on retrieved SIT from CryoSat-2
Constant py , pi, ps have been used to retrieve the SIT from Cryodat-2, but the
experimental observations show that ice, water and snow densities vary with
time, location season and ice freeboard, which may introduce error in the
retrieved SIT when constant values are considered. Experimental results,
confirming variations of ice, snow and ice densities and their dependence on ice
freeboard will be discussed in this section.

Sea water density, p, , depends on salinity, S, temperature, T, and pressure: p,
= po (S, T, p) (kg/m3) and ranges from about 1022 kg/m? at the sea surface to
1050 kg/m?® at the bottom of the ocean, mainly due to compression. Water
density of p, =1030kg/m?® has been used to calculate SIT from the freeboard
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derived from RA on board ERS, Envisat (using Algorithm Al] and by CryoSat2,
(A2 Algorithm [R15]). Water density p, =1025+0.5kg/m® has been used
[Alexandrov et al, 2010] to calculate mean MYI sea ice density. The density of
sea water across the Beaufort Shelf and slope off Alaska varies between 1023.2
kg/m?® in October to 1024.2 kg/m?® in April and a mean value of p,, =1024kg/m?®
has been used for SIT retrieval from ICESat [Kwok and Cunningham, 2008, R72].

Snow depth and density from WC [R12] are collocated with the same spatial and
temporal resolution as RA data, where rs (kg/m3) is in the range 260-330kg/m3
for winter months, with mean, rs=295 kg/m3 and s(rs)= 24.5kg/m3.

The density of sea ice vary in wide range and depends on density of pure ice, the
fractional volume of air pockets and the amount and density of brine in the ice.
The density of pure ice at 0oC is 916.4kg m-3 [Hobbs, 1974] and is increasing to
919.3 kg/m3 at -300C. The density of sea ice can be greater than these values
because of the effect of brine inclusions in the ice, or less because of the effect of
air bubbles [R71]. The brine volume generally increases with temperature. Timco
and Frederking (1996) reported that FY ice density is typically between 840 and
920 kgm-—3, while MY ice density is between 720 and 910 kgm—3. For FYI
density, Schwarz and Weeks [1977] found that most observed values lay in the
range 910-920kg m-3 and the ice densities calculated from isostatic relationships
range from 911 to 919 kg/m3 with a mean value of 913k g/m3. Vinjea and
Finnekasa [1986] drilled 382 holes in level ice of different ages in Fram Strait
during July-August and obtained a mean ice density of 902 kg/m3, which was
estimated in summer period with impact of melting. Kovacs and Holladay[1989]
found a mean ice density of 911kg/m3 for MYI (thickness range 2-6.5 m) in the
Beaufort Sea. Untersteiner [1961], has found 913kg/m3 ice density and
according to Wadhams, et al, [1992] , the FY ice density range is 910-920kg/m3,
but it depends on temperature, free-board, snow depth, presence of melting (e.g.
840kg/m3 FYI density is reported during the melt season [Weeks and Lee,
1958]). According to Alexandrov et al, (2010) , the ice densities of MY and FY ice
below the waterline are not significantly different, and both ice types have typical
values between 920 and 940 kgm—3 due to the higher volume of air-filled pores
in MYl compared to FYI.

The sea ice density dependence on hfi has been documented from many authors
[9, 48, 51, 71, 73]. Using the equation for isostatic equilibrium, the sea ice
density has been calculated from different authors as a function of hfi, hs and rs
[9, 48, 71], which confirms that point (constant) ice density will lead to essential
errors in retrieved SIT for different hfi , hs and rs when the equation for
hydrostatic equilibrium is applied. Assuming that the ice is in isostatic equilibrium
and using Equation (3.1), snow density (rs =324 +50kgm—3), snow depth (hs)
(mean 0.05m), ice thickness (hi) and ice freeboard (hfi) from Sever
measurements, Alexandrov et al, [2010] estimated mean ice density for FY ice ri
=916.7+35.7 kgm-3 from:

ri=rw —(hfirw+ rshs)/hi, (3.7)
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Where water density is rw =1025+0.5kg/m3. Because the ice density depends
on hfi , hs and rs the FY ice density in different locations and snow depth may be
different than ri =916.7kg/m3 calculated based on Sever expedition.

By inserting density values for the upper and lower ice layers, using freeboard
(0.3 m) and ice thickness 2.9 m, a mean MY ice density 882+23 kg/m3 is
calculated by Alexandrov et al, (2010) from:

ri = ril (1— hfi/hi) + riuhfi/hi (3.8)

The estimated MYI density (882 kg/m3) is less than ri = 915 kgm—3, used from
Kurtz et al, [2012] to derive SIT from OIB and the ice density 925kg/m3, used
from [Kwok and Cunningham, 2008] to derive SIT from ICESat, or the ri = 900
kgm-—3 used to collocate SIT from RA2/Envisat and RA/ERS 1, 2, which may lead
to underestimation of SIT in comparison with SIT derived from OIB, ICESat, ERS
and Envisat, if a (point) fixed ice density (882kg/m3) is used for the same
conditions (freeboard, snow depth, ice type and temperature).

Experimental [Wadhams et al, 1992, R71] and theoretical studies [Kovacs, 1996]
confirm the dependence of ri on ice type and hfi . Ackley et al, (1976), carried
out a point-by-point isostatic analysis of MY floes, which have been profiled by
drilling and tested few algorithms for free-board-to-draft conversion: i) a simple
point isostatic model, using an estimated mean ice density and ii) a variable,
free-board dependent (FD) density model based on regression dependence of ice
density (ri) on "effective" ice free-board hfie (m). Based on surface observations
(drilling) of hfi and d, Ackley et al, (1976), estimated a linear relationship
between ri and "effective" ice free-board hfie (m). He found that hfie depends
on sea ice freeboard hfi, snow depth hs , density rs and the mean MY ice density,
riMYmean:

hfie = hfi + (hsrs/riMYmean) (3.9

Based on drilling and point by point isostatic analyses of hfi the following
relationship is obtained between MYl density and hfie [Wadhams, et al 1992,
Ackley et al, 1976]:

riMY = -al hfie + b (3.10)

where al=194, b=948, calculated for rv=1020kg/m3. By comparison with in-
situ (drilling) observations , Ackley et al, (1976) concluded that the FD ice
density model provides more accurate results for F to SID conversion compared
with application of point (fixed) sea ice density.

3.2.2 Impact of snow depth on retrieved SIT from CryoSat2

Snow depth is an important variable to retrieve SIT from RA, using the
hydrostatic equation and only the snow depth and density from WC is available
for the Arctic, in all seasons and with the same spatial resolution as the Ceyosat2
averaged area. Snow depth with higher spatial resolution in limited locations or
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time of the year and unknown accuracy may be available from AMSUA or OIB
radar and despite these data are not suitable for SIT retrieval from Cryosat2 the
basic principles of snow depth retrieval from WC, AMSUA and OIB/radar and
corresponding accuracy will be discussed in the following section.

Snow depth and density from Warren climatology

The snow depth and ice density, estimated from WC have been used successfully
until now for SIT retrieval from RA/ERS, Envisat and ICESat [R54, R60], using
the equations of hydrostatic equilibrium.

WC providing estimates of the monthly snow depth hs (cm), given by two-
dimensional quadratic fit to measured snow depth:

hs = HO + Ax + By + CxyDx2 + Ey2, (3.11)

where HO is the mean monthly snow depth at the North Pole, x (latitude) and y
(longitude) are positive axis respectively along 0° and 90°E in degrees and the
coefficients A,B,C,D,E provide information for snow depth distribution and are
listed in Table 3.1. The RMS error () of the fit (in cm), the slope F of the trend
lines in cm yr-1, inter-annual variability (IAV) and their uncertainty (of) are
given in Table 2.1. [Warren et al., 1999].

Table 3.1. Coefficients of snow depth approximation [R12].

Month  H, A B C D E e F or 1AV
Aug 4.64 03100 —0.6350 —0.0655 0.0059 —0.0005 46 —0.01 0.05 33
Sept 1581 02119 —1.0292 —0.0868 —0.0177 —00723 738 —0.03 0.06 33
Oct 22.66 03594 —1.3483 —0.1063 0.0051 —00577 8.0 ~0.08 0.06 40
Nov 2557 0.1496 —1.4643 —0.1409 —0.0079 —0.0258 79 —0.05 0.07 43
Dec 26.67 —0.1876 —1.4229 —0.1413 —0.0316 —0.0029 82 —0.06 0.07 43
Jan 2801 0.1270 —1.1833 —0.1164 —0.0051 00243 76 —0.06 0.07 46
Feb 308 01056 —0.5908 —0.0263 —0.0049 00044 79 —0.06 0.08 55
Mar 33.89 0.5486 —0.1996 0.0280 00216 —00176 94 —0.04 0.10 6.2
Apr 36.80 0.4046 —0.4005 0.0256 0.0024 —0.0641 94 ~0.09 0.09 6.1
May 36.93 0.0214 —1.1795 —0.1076 —0.0244 —0.0142 106 —-021 0.09 63
Tun 36.59 0.7021 —1.4819 —0.1195 —0.0009 —0.0603 141 —-0.16 0.12 8.1
Tul 11.02 0.3008 —1.2591 —0.0811 —0.0043 —0.0959 95 002 0.10 6.7

The snow density in WC varies seasonally and as the seasons change from
autumn to winter the snow density increases from ~250 kg m-3 in September to
~ 320 kg m-3 in May, due to the effects of the snow settling and wind, with the
highest snow density during snow melt. Snow depth and density, estimated from
WC have been confirmed with in-situ monthly observations [73] in different
locations in the Arctic. Alexandrov et al. (2010) examine snow density from the
Sever expeditions and found an average snow density on FYI of 324 + 50 kg m-3,
which is similar to rs = 310-320 kg m-3 estimated by WC. As the snow water
equivalent (SWE) is a snow depth multiplied by snow density, equal snow
densities over FYl and MY will lead to similar snow depth over FYl and MYI for
the same SWE
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The distribution of SWE as a function of month of the year, latitude (x) and
longitude (y) is calculated by Equation 2.6. and the snow density can be
calculated by dividing SWE by corresponding hs (approximated by Equation 2.5)
and SWE:

SWE = HO + Ax + By + CxyDx2 + Ey2, (3.12))

The coefficients of the SWE, RMS error and IAV are listed in Table 3.3 and are
different from the coefficients in Equation 3.11.

Table 3.2. Coefficients of the fit to the snow water equivalent (SWE), the RMS
error in the fit and inter-annual variability [R12].

TABLE 2. Same as Table 1 but for snow water equivalent

Month H, A B C D E e F or IAV
August 1.08 0.0712 —0.1450 —00155 00014  —0.0000 11 —0.001 0012 08
September 3.84 0.0393 —-02107 —00182 —0.0053 -00190 20 —0.003 0016 10
October 6.24 0.1158 —0.2803 00215 0.0015 -00176 23 —0.005 0021 14
November 754 0.0567 —023201 —0.0284 —0.0032 —00129 24 —0.000 0023 15
December $00  —00540 —0.3650 —00362 —00112 —0.0035 25 —0.003 0024 15
Tanuary 8§37  —00270 —0.3400 —00319 —00056  —0.0005 25 —0.005 0024 16
February 943 0.0058 —0.1309 00017 —0.0021 —00072 26 —0.007 0028 13
March 10.74 0.1618 00276 0.0213 0.0076 —00125 31 0.007 0032 21
April 1167 0.0841 —0.1328 0.0081 —0.0003 —0.0301 32 —0013 0032 21
May 1180  —00043 —04284 —0.0380 —0.0071 —0.0063 35 —0.047 0033 22
June 1248 02084 —05739 —0.0468 —0.0023 —00253 49 —0030 0044 209
Tuly 401 0.0970 —04930 —00333 —00026  —00343 35 0.008 0037 24

Monthly dependence of the mean snow depth, WC
38 T T T T

36

) L o) oY)
o o o8] =

Mean snow depth hs{cm), WC
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24

2 i I i i i
1 2 3 4 3 3 7

Month (Qctober-April)

Figure 3.1. Mean Snow depth dependence, WC, October - April

Grant agreement no.262922 Page: 17/33



SIDARUS Ref: D6.2 Issue: 0.1 Date: 31.12.2013

The mean hs from WC for winter months (October to April) is plotted on Figure
3.1. The mean snow depth (hsmean=0.2913m) of WC for winter months is with
uncertainty shs=0.049m. The difference between hs in two months (hsi+1-hsi)
depends on monthly snow accumulation and location. For WC the mean monthly
winter snow accumulation is only 0.02m/month with std =0.0123m, leading to
SIT uncertainty of 0.0462m/month for hfi=0.3m, ri=900kg/m3, rw=1030kg/m3,
rs=300kg/m3 and the uncertainty will change for different input variables (ri, rs,
rw ) assuming hydrostatic equilibrium (Equation 2.1).

Snow depth and density from WC have been used for CryoSat-2 algorithm
validation and new algorithm development because: i) hs, rs from WC have been
used until now for SIT retrieval from RA (ERS1,2,Envisat), ICESat [15,26,62] and
has been validated in different studies; ii) hs, rs from WC are the only available
data with the same spatial and temporal resolution as RA and CryoSat-2
averaged freeboard since 1990 and are representative for future CryoSat-2
observations; iii) The limited snow depth data from OIB radar and AMSR-E are
with higher spatial and temporal resolution and unknown accuracy, requiring
further algorithm improvement, which is not a task of this report. Despite the
snow depth from OIB/radar and AMSR-E is not applicable for SIT retrieval from
CryoSat2 in the Arctic, the algorithms and accuracy of the snow depth from
OlB/radar and AMSR-E are discussed in the next section.

Snow depth from AMSR-E

The algorithm for retrieving snow depth on sea ice from AMSR-E satellite passive
microwave data is based on an empirical relationship between in situ snow
depths and the ratio of the normalised difference of brightness temperatures,
measured by AMSRE (at 37GHz and 19GHz), assuming that the scattering
increases if the snow depth increases and that the scattering efficiency is greater
at 37 GHz than at 19 GHz, leading to increase of the difference between these
frequencies when the snow depth increases [R11, R59]:

hs =a + b GR (3.13)

where GR is the gradient ratio of vertically-polarized brightness temperatures
(TB), compensated for sea ice concentration:

GR =(T37VB — T19VB)/(T37VB + T19VB ) (3.14)

The set of (a; b) coefficients are derived from brightness temperatures measured
by SSM/1 and snow depths, collected on Antarctic smooth FYIl with a correlation
coefficient of -0.77. These coefficients for AMSR-E are (2.9, -782), and they are
applied in both hemispheres.

To apply this algorithm to AMSR-E measurements, AMSR-E measured TB were
converted to SSM/I-equivalent TB by [Markus and Cavalieri, 2004]:
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TSSMI19VB = TAMSRE 18.7VB x 1:017076 — 2:65127; (3.15)
TSSMI37VB = TAMSRE 36.5VB x 1:016822 — 5:22634: (3.16)
Then, TB is compensated for sea ice concentration (SIC) by:

TSSMIB =(TSSMIB — (1 — SIC) x TOWB)/SIC (3.17)

where the open water points (TOWB) are 176.6 K and 200.5 K at the frequency
of 19 and 37 GHz, respectively. These tie points are from the NASA Team SSM/I
algorithm. The AMSR-E snow depth algorithm accuracy is decreased essentially

due to:

o Use of empirical coefficients, derived from SSMI in Antarctica;
e Missing brightness temperatures;

e Use of constant TOWB from SSM/I algorithm for AMSR-E snow depth
algorithm introduce error due to instrument, atmospheric and SIC
differences;

¢ Not applicable for SIC<0.2;
e Not applicable in presence of snow melting areas;

¢ Not considered impact of ice roughness, leading to decrease of the
accuracy of the retrieved hs.

In addition to the above large uncertainties of the current AMSR-E snow-depth
retrievals, other uncertainties were identified, including errors from snow
metamorphism and from changes in atmospheric water vapour, presence of land
or MYI. Snow density depends on snow depth [R73], it change with the snow
type and impacts the retrieved snow depth, which is not considered because
empirical constants are used for all winter months, not accounting for recent
climate change impact on snow depth and precipitation. The AMSR-E snow-depth
algorithm operates for a range of 170 K to 270 K TB, and allows for snow-depth
retrievals up to 0.45 m [R11]. The above restrictions lead to underestimation of
the snow depth, retrieved from AMSR-E, which increase as the sea ice
concentration decreases [R65].

Calibration of the snow depth, derived from airborne AMSR-E simulator with the
snow depth from OIB radar concluded that the current status of the accuracy of
the AMSR-E snow depth algorithm is not known and it is not possible to provide
accuracy of the snow depth retrieved from AMSR-E and the airborne radar
because the accuracy of any of these algorithms is not known [R17]. Considering:
i) already proved underestimation of the snow depth retrieved from AMSR-E [65,
67, 68]; ii) the restrictions, uncertainties of AMSR-E algorithm; iii) limited
availability (only between 2002 and 2011) of AMSR-E data; iv) different spatial
resolution compared with collocated RA data, it was concluded that the snow
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depth, retrieved from AMSR-E data is underestimated, with unknown accuracy
and cannot be used for freeboard to SIT conversion, using CryoSat-2
observations. This is confirmed also from sensitivity analyses and algorithms
validation using independent ULS data.

Because the snow depth from OIB for few flights in 2009 and 2010 are also
available, the accuracy of high resolution snow depth algorithm of OIB radar is
discussed in the next section.

Snow depth from Operation Ice Bridge (OIB) snow radar.

OIB is developed to bridge the gap between NASA's Ice, Cloud and Land
Elevation Satellite (ICESat) mission and the upcoming ICESat-2 mission [R1,
http://nsidc.org/data/icebridge/index.html ]. The OIB snow radar has 14.5 m x
11 m spatial resolution and after averaging of ~40 radar measurements the OIB
snow depth product is with resolution 40mx11m with expected snow depth
retrievals in the range 0.05 — 1.2 m [Farrell et al., 2012]. Snow depth retrievals
from the OIB snow radar depend on accuracy of detection of air—snow and snow—
ice interfaces within the radar signal, and determination of the spatial distance
between the two interfaces. The dielectric constant depends on snow density.
Very low constant snow density (264kg/m?®) has been used from Farrell, et al,
2012 to retrieve the snow depth in April 2009, considering that the mean snow
density from WC for this month is p; =320kg/m® [R12, R73] and for FYI is
324kg/m? [9], which impacts the accuracy of the retrieved hs. Snow density vary
from 260kg/m?® to 430kg/m?®, which impacts the retrieved snow depth. Due to the
relatively low difference between the dielectric constants for air and snow, as
well as surface roughness effects, the air—snow interface is difficult to detect with
OlB/radar and a threshold is set to identify the top of the snow layer within the
radar return, which depends on ice snow interface and measured standard
deviation, leading to snow depth dependence on sea ice freeboard (confirmed
with graphics). The snow depth from the OIB radar depends on the distance
between top snow air interface and bottom ice snow interface and the speed of
light, which depends on snow density. Thus, use of a constant, not correct ps, not
accounting for snow grain and roughness, and considering the strong
dependence of the algorithm on snow -ice and snow —air freeboards, may lead to
inaccurate snow depth retrieval in locations with different snow density or not
precise estimation of hg or hg. Considering above, an improved algorithm for
snow depth retrieval from OIB/radar is required and the snow depth, derived
from OIB/radar in limited locations, using the current algorithm will not be used
for SIT retrieval from CryoSat-2.

Apart of the error due to contribution of sea ice, snow, water densities and snow
depth the freeboard error depends on parameterisations of the radar wave
propagation through the atmosphere, the Earth’s gravity field (or geoid) and the
ocean surface dynamic topography (determined by ocean tides, atmospheric
pressure loading, currents, swell).
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4 Improved CryoSat2 algorithm

The radar penetration depth depends on snow structure, grain, water content
and snow density, which changes due to melt-freeze metamorphism and when
the water freezes the snow density increases. Model simulations (Hallikainein
and Ulaby, (1990)) show that the penetration depth of Ku band radar (13GHz)
may decrease to about 10cm for r=0.5mm, r,=0.24g/cm*® and liquid water
content (LWC) only 2%, which will lead to ice density contribution from an
effective freeboard (h«), which depends on snow density, depth and ice
freeboard.

Two CryoSat2 improved algorithms have been validated:

i) A(3) /FD Algorithm, using freeboard depended ryy over MYl (with a=214,
b=948), mean ice density riFYman=910kg/m3 over FYl and information for
presence of FYI, where the total ice density is:

F=fr(FY)riy +(1-fr(FY))rmy  (kg/m°) “-1)

Where rig, = 910kg/m® and the fraction fr(FY) of the FYl cover from the RA
averaged area is taken from OSI —SAF [R18].

ii) FD2 Algorithm, using freeboard depended ryyy over MYI, and FYl (a=-95.05,
b=930.4 and rirymean =910kg/m3 for hse <0.18m, a =-25.54, b=903.7 for
h#e=>0.25m [R76]). It is not required a-priori information for the presence of FYI
and the ice density is calculated as a function of the effective freeboard. For both
algorithms, snow depth and density are calculated from WC and water density is
1024kg/m3.

Collocated SID derived from ULS and RA freeboard, applying the improved A(FD2)
Cryosat -2 algorithm are shown on Figure 4.1 and the residual of the histograms
of the SID(RA,FD)-SID(ULS) are on Figure 4.1/b. One can see the decreased
residual between SID(ULS) and SID(FD) and better agreement of SID(ULS) with
SID(FD2).

The better performance of the FD algorithm (AFD2) over FYlI and MYI is
confirmed with Figure 4.1. The minimum bias and RMSE between SID, retrieved
from RA and SID (ULS) and the agreement of ice density estimated for Beaufort
Gyre over 4 years with that observed by Kovacs, (1996), confirms the high
accuracy of the retrieved ice density and SID (RA) using A(FD2).
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Beaufort Gyre, 10/2004-03/2008 Histogram of residuals, (SID{RA,FD)-SID(ULS)m), Beaufort Gyre
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Figure 4.1. Comparison of collocated SID(ULS) with SID, retrieved from RA
freeboard, applying the new A(FD) and A(FD2) CryoSat algorithms: a) Collocated
SID(ULS) with SID(RA, FD2), Beaufort Gyre; b)SID(RA,FD)-SID(ULS), Beaufort
Gyre, 2004-2008.
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5 Uncertainty of the retrieved SIT from CryoSat2

Only the uncertainties, associated with conversion of freeboard to thickness will
be analysed. Assuming that the input variables in Equation 2.1 are uncorrelated,
the uncertainty (s2hi ) of the retrieved thickness, hi, from the freeboard,
measured from CryoSat2 will depend on propagated uncertainties of the input
variables [R7, R9]:

Uzhi _U!hﬁ {g,\l},\i)':(dh:ijz*czh; {Q\A‘hm"l(dhs}:_" g sth;(dp: ):"‘U L(%J(p }: T w (%’I{pu }: {4 1:'

where &%, , o’ and o?hs are the uncertainties of the SIT, F and hs, 6% , 6%rw ,
o, are the uncertainties in the snow, water and ice densities. Uncertainty G2hii
=0.03m [9] of freeboard, hy , retrieval from RA have been applied for all
algorithms. Mean snow density, ps=295 kg/m?® and o,s= 24.5kg/m? is applied
based on snow density from WC in winter months. The mean snow depth
(0.2913m) and uncertainty, calculated for winter months from WC, have been
considered, using hs from WC. Ice density for FYI ri=916.7kgm 3 with
uncertainty +£35.7 kgm~> and MYI density p; = 882kg/m?® with uncertainty
+23kg/m?[R9] are used in A2 (CryoSat-2) algorithm. Water density depends on
water temperature and salinity. Water density rw =1030kg/m? (biased with 6
kg/m3) than the measured one in Beaufort Sea (1024kg/m3) have been used
from CryoSat-2 Algorithm and the water density rw=1024kg/m3, have been
used for FD (A3) and FD2 algorithm. Considering the strong dependence of sea
ice density on ice type, temperature and freeboard, CryoSat-2 Algorithm is with
highest ice density uncertainties (sriFY=+35.7kg/m3, sriMY=+23kg/m3 ) and
the A3 and FD2 are with smallest uncertainties (sriMYFD= +3.45kg/m3 sriFYFD=
+2.8kg/m3) estimated for up to +0.03m variations in hfi.

The percentage contribution of uncertainty (s% =s*100/mean) of input variables
for A2 and updated CryoSat 2 Algorithms and the total uncertainties are given in
Table 5.1.

The uncertainties s(rl) for A(FD) and A(FD) are calculated on assumption of
10% uncertainty in the freeboard for hfi=0.3cm. Improvement of the freeboard
uncertainty will improve the ice density uncertainty for A(FD) and A(FD2). One
can see that:

The smallest uncertainties in the retrieved SIT are observed for A(FD2), (only
2% not considering the impact of the freeboard uncertainty) and are more than 3
times less than the uncertainty of the CryoSat 2 algorithm on assumption of 10%
accuracy of the freeboard;
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Table 5.1 Percentage contribution of uncertainties of input variables and the total
uncertainties (s%) of the calculated SIT, using the Equation for hydrostatic

equilibrium

Alg. A2/FY A2/MY FD FD2/FY FD2/MY
c(hs i) +0.52% +0.26% +0.26% +0.26% +0.26%
o] D *3.89% +2.6% *+0.38% +0.3% +0.38%
o] w) +0.58% +0.58% +0.0195% +0.0195% +0.0195%
o[l s) +1.49% +1.49% +1.49% +1.49% +1.49%

c 1+6.98% +4.93% +2.14% +2.07% +2.14%

The impact of snow depth on uncertainties is negligible ( 0.26% for all algorithms,
except for CryoSat2 over FYIl (c,s=0.52% ), when half snow depth over FYI is
assumed;

The Sea ice freeboard accuracy and ice density are the most important factors
contributing to the uncertainty.

The uncertainty of sea ice density is reduced to 0.3% when FD ice density is
applied for freeboard accuracy 10%, which confirms the advantage of the FD ice
density.

The uncertainties o(r,) for A(FD) and A(FD2) are calculated on assumption of
10% uncertainty in the freeboard for hs—=0.3cm. Improvement of the freeboard
uncertainty will improve the ice density uncertainty for A(FD) and A(FD2). One
can see that:

The smallest uncertainties in the retrieved SIT are observed for A(FD2), (only
2% not considering the impact of the freeboard uncertainty) and are more than 3
times less than the uncertainty of the CryoSat 2 algorithm on assumption of 10%
accuracy of the freeboard;

The impact of snow depth on uncertainties is negligible ( 0.26% for all algorithms,
except for CryoSat2 over FYIl (c,s=0.52% ), when half snow depth over FYI is
assumed;

The Sea ice freeboard accuracy and ice density are the most important factors
contributing to the uncertainty.

The uncertainty of sea ice density is reduced to 0.3% when FD ice density is
applied for freeboard accuracy 10%, which confirms the advantage of the FD ice
density.
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