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Abstract

Data from the Advanced Microwave Scanning Radiometer 2 (AMSR2) are used to evaluate the Arctic
sea-ice thickness (SIT). The polarization ratio at 36 GMRsd] and the gradient ratio between 6 and 36
GHz (GRus-39), Which contain the signals for the first-year ice and multi-year ice thicknesses, respectively,
are used to estimate the draft of the sea-ice. The developed equation for the SIT is validated using SIT results
derived from ice mass balance (IMB) buoys and the results are compared with the SIT data obtained from
Cryosat-2 (CS2). For SIT calculations performed for the period from March to September, a seasonal bias
correction was applied to the SIT that was derived from the AMSR2 algorithm based on the skin temperature,
which was determined from an atmospheric reanalysis. This correction reduced the SIT error effectively
however, large errors that occur during the melting and refreezing season still remain because the existence
of melt ponds and their refreezing affect the microwave radiation strongly. Improvement of the regional
biases outside the validation area will be also necessary.
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1. INTRODUCTION was launched in 2002, but stopped rotating in 2011. The
The annual to decadal variability of the Arctic sea- algorithm was devised on the basis of in situ sea-ice draft
ice volume is highly relevant for evaluation of the Arctic data that were derived from upward looking sonar (ULS)
fresh water budget and global climate change. The exterttlevices mounted on mooring buoys in the Beaufort Gyre.
of the Arctic sea-ice has been monitored continuouslyThese buoys have been located in the southern Canada
using satellite-borne passive microwave radiometerdasin since 2002 (Krishfieldt al., 2014). While the
such as the Scanning Multichannel Microwave algorithm is corrected for seasonal errors using statistical
Radiometer (SMMR) and the Special Sensor Microwavemethods, major underestimations occur in spring and
Imager (SSM/I) since the late 1970s (Cométaoal., summer.
2008). However, acquiring observations of changes in In this study, the AMSR-E thickness algorithm was
the ice thickness has been challenging, and severalpplied to data from a new microwave radiometer: the
approaches have been used to date. For example, the thtlvanced Microwave Scanning Radiometer 2 (AMSR2),
sea-ice thickness (SIT) with no snow has been providedocated onboard the Earth observation satellite Global
by satellite-borne visible and infrared radiometers (YuChange Observation Mission-Water (GCOM-W) of the
and Rothrock, 1996; Drucker et al., 2003) and passive Japan Aerospace Exploration Agency (JAXA), which
and active microwave sensors (Kwetkal., 1999, Giles  was launched in 2012. Here, we evaluate the SIT values
et al., 2008; Tamura et al., 2008). Recently, a thick SIT derived from the AMSR2 data and compare them with
algorithm was developed using altimeter data from boththe in situ thicknesses derived from drifting buoys and
ICESat (e.g., Kwoket al., 2007) and Cryosat-2 (e.g., other satellite sensors.
Laxon et al., 2013). However, these altimeters provide
the ice thickness distributions monthly and weekly, but2. DATA AND METHOD
not daily. We used the brightness temperaturB)( which is
A daily sea-ice draft estimation algorithm was observed twice a day by AMSR2 and provided at 10 km
developed for the Advanced Microwave Scanningresolution in a polar stereographic projection from the
Radiometer-EOS (AMSR-E), which was onboard the JAXA, to calculate the sea-ice draft using the estimation
Earth Observing Satellite Aqua of the U.S. National algorithm that was developed for AMSR-E data
Aeronautics and Space Administration (NASAQua  (Krishfield et al., 2014).
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We evaluated the validity of the sea-ice draft

In this study, we applied the AMSR-E ice draft

thickness that was estimated from the AMSR2 data byalgorithm to AMSR2 data and validated the algorigim
comparing our results with the thicknesses measureeffectiveness based on CS2 and IMB thicknesses.

using the satellite-borne altimeter that is mountbed
Cryosat-2 (CS2) and in situ measurement results fro
ice mass balance (IMB) buoys.

2.1 Sea-ice draft algorithm

Cavalieriet al. (1984) defined the following sea-ice
parameters: the gradient rati®R;, Eq. 1) and the
polarization ratioPR; Eq. 2). These parameters are used
to calculate ice concentrations for first-year (K08 and
multi-year (MY) ice, respectively, as follows:

TBy — TB'

GR=—1Y—"Y (1)
TBy + TB'y
TBy —TB

PR=—Y _H )
TBy + TBy

Krishfield et al. (2014) suggested that tRR at 36
GHz (PR3¢) and theGR in the range between 6 GHz and
36 GHz GRys-36) could be used to estimate the sea-ice
drafts of FY ice and MY ice, respectively. Theyidefl
the sea-ice drafDyqsr—g €stimation formulae in the
two equations below. WhelGRy,_3¢ iS greater than
—0.035, the sea-ice type is regarded as FY iceEan@
is used to estimat®ysr_g:

FY ice Damsr-g [m]
PRy — 0.0019
0.0283

©)

= 2.34exp( ) + 0.085

Conversely, whernGRys_3¢ is less than —0.035, Eq. 4 is
used to estimat®,vsgr—g:

MY ice Damsr-g [m]

4

= 0.244exp(—20.785GRy4_3¢) + 0.162 )
These formulae are based on in situ ice draft
measurements from the ULS devices mounted on fou
mooring buoys from 2002 to 2011 in the Beaufort;Sea
their locations are shown as stars in Fig. 1. is¢hntext,
the ice draft is the ice thickness below the waterl
while the ice freeboard is the ice thickness abibne
waterline. The SIT is generally defined as the Itota
freeboard plus the ice draft.

A seasonal bias in the sea-ice draft derived from
mooring buoys and AMSR-E data has been found
(Krishfield et al., 2014). This seasonal fluctuation is
most likely to be caused by changes in the iceaserf
properties, such as melting during spring and sumone
snow during autumn and winter.
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2.2 Cryostat-2 thickness data

Monthly mean SIT data observed by the Synthetic
Interferometric Radar Altimeter (SIRAL) onboard the
CS2 satellite, which was launched by the European
Space Agency in April 2010, were compared withRke
ice and MY ice draft thickness values estimatethftbe
AMSR2 data. SIRAL is a microwave radar with a cahtr
frequency of 13.6 GHz that uses thg lkand to measure
the sea-ice freeboard. The SIT can then be caémllat
from the freeboard value using the hydrostatic
equilibrium (Laxonet al., 2013).

We used the CS2 sea-ice freeboard, ice thickness,
and snow depth data set projected on the EASERIQ gr
which was provided by the Alfred Wegener Institute
(Ricker et al., 2014). This data set is available for the
Arctic winter and spring seasons only, i.e., frootdber
to May.

In this study, the monthly mean CS2 SIT and the
monthly mean Dyysp_g Were compared at the
locations shown in Fig. 1. Data sampling pointseagst
at 85, 80, and 75°N and 0, 30, 60, 120, 135, 1686, 1
180°E and °W over the ice-covered area.

o'W

r

Fig. 1 Data sampling points for sea-ice draft dridknhess
located along 85°N (green), 80°N (red), and 75°Ngp
The stars and dots correspond to the daily searafé d
measurements based on ULS and AMSR2 data,
respectively, during the period from 2002—-2011 #red
monthly mean CS2 derived SIT and AMSR2 sea-ice
draft values from 2012 to 2013.

2.3 I ce mass balance buoy thickness data

The IMB buoys were deployed in the Arctic in 1993
and have provided datasets since 1993, which are
available from the U.S. Army Engineer Research and
Development Center's Cold Regions Research and
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Engineering Laboratory. The IMB dataset containsunderestimation appeared on 85 and 80°N but not on
hourly snow depth, ice thickness, sea-ice tempe¥atu 75°N along 120°E. This seasonal bias probably ctfle
profile, air temperature, barometric pressure, &sd the high sensitivity of the microwave sensor torgjes
drift data (see e.g., Richter-Menget al., 2006; in sea-ice surface characteristics, particularlgrduthe
Polashenskét al., 2011). melting season from early spring to summer, an¢hdur
The daily Dyysp—g Value was compared with the the early stages of snow freezing on the meltethser
daily mean in situ SIT and the air and water terapees, To identify the causes and improve the seasonalihia
air pressure and snow depth measured by five IMBthe SIT, we compared in situ sea-ice surface clange
buoys during the period from 2012-2013. Fig. 2 show
the thickness distributions along the IMB tracksuend 55 )
the North Pole and the Canada basin. ® 85N
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3. RESULTSAND DISCUSSION EE 2
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3.1 Comparison between CS2 thickness and EE 1
AM SR2 draft O Ofwgey ...
Figure 3 shows the results of our comparison R v L R
between the monthly mean CS2 thicknesses and the O  -271+4gsE
AMSR2-derived draft using Krishfield’s algorithrnoim -3 — 1 — 1
October to May for 2012—-2013. Figure 3a shows clear 0 100~ 200 300
differences between the AMSR2 draft and the CS2 Julian day

thickness along both the longitudinal and latitadin _ _
ranges. There is an obvious regional bias thasléaé  Fig- 3 Comparisons between monthly mean CS2 thaskne
large underestimation in the western Arctic region and AMSR2 draft. a) Longitudinal cross-sections are
related to the existence of MY ice and a relative &0ng85°N (green dots), 80°N (red dots), and 7Hibe
overestimation in the eastern Arctic region related dots). Positive and negative longitudes mean East an
Russian river discharges, which cause thicker sea-i  WeSt respectively. b) Seasonal cross-sectionsgalon
because of lower surface salinity over the iceasaf 120°W, 120°E, and180°E longitudes.

Figure 3b shows seasonal variations in the AMSR2 . . .
draft and CS2 thickness along longitudes of 120°W,3'2 Comparison between IMB  thickness, air
180°E, and 120°E. Each longitude shows a seasiasal b (emMperatureand AMSR2 draft
in which the AMSR2 data underestimate the draft e analyzed the relationship between the AMSR2
towards the beginning of spring and show high sty draft and IMB SIT values to obtain a conversionriata
in autumn. Along 120°W, the AMSR draft tends to be lom the AMSRZ draft Dywsg, t0 the AMSR2
underestimated throughout the year. The same>!THausrz - The relationship between the IMB SIT
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Hivg and Daysrz Values from September to February
and their regression line are shown in Fig. 4. A
conversion formula based on Fig. 4 is given asoEq.

2.5
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AMSR2 draft [m]
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IMB thickness [m]

Fig. 4 Scatter diagram showing daily IMB SIT valldes
the five buoys shown in Fig. 2 versus the sea-redt d
estimated from AMSR2 data using Eq. 3 or 4.

Because the underestimation of the AMSR2 draft
values increased over the period from winter tongpr
(Fig. 3d-f)), we investigated the differences inT Si
values betweerH,ysrz and Hyyg as a function of
near-surface air temperature for all seasons &ig.he
air temperature was closely correlated with thekifiess
difference between the values derived from AMSR2 an
the IMB buoys. This indicates that there couldumthfer
improvements in the performance of the AMSR2 draft
algorithm if a near-surface variable is used as a
correction factor in Eq. 5.
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Fig. 5 Differences in thickness between IMB and AR2S
methods, reflecting the effects of air temperataréoth
the autumn and winter data sets.

16

Hpmsrz [m]

= 0.0477 + 0.821Dppsps + 0.134Dpmsrs> O

However, because the air temperature data are
obtained from drifting buoys over the Arctic Ocetirey
are not generally assimilated into the reanalysigycts,
making them less useful for SIT estimation becanfse
the large associated uncertainty. Instead, the skin
temperature of the ice surface, which is determirgag
the surface heat budget, particularly the radiation
balance from spring to autumn, is likely to be areno
suitable parameter.

Figure 6a shows the relationship between the in sit
air temperature derived from the IMB buoys andstkia
temperature provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) for 2012—
2013. The skin temperature has a high correlation
coefficient R = 0.98 from March to May, with an annual
value ofR = 0.95).
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Fig. 6 a) Relationship between skin temperatureiges

by the ECMWEF and in situ air temperature derivednfro
the IMB, and b) the difference in SIT between the
AMSR?2 and IMB derivations during 2012—2013.
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Figure 6b shows seasonal changes in skinFinally, we investigated the validity of th#',ysgro
temperature lower than 265 K (black dots) and thevalues by comparing?’amsge, With Hyyg. Figure 7a
difference in thickness betweeHjyvsr, and Hijvp shows an example of the relationships among skin
from March to September (gray dots). There is atemperature (red dots), and the SIT differencesnwhe
systematic large difference in thickness as a fanaif determined using Krishfield's algorithm (green datsd
skin temperature when it is lower than 265 K. using the algorithm proposed here (blue and orbags).

By focusing on temperatures of less than 265 K, theThe underestimation that was described previously f
thickness deviation betweel,ysg, and Hyyg canbe  our algorithm increases as the skin temperatues ris
characterized as a linear function of the ECMWHski from March to June. Additionally, the large
temperature with a high correlation coefficieRt £ — overestimates from June to September are likely to
0.81). In this caseH,usrz Can be corrected based on correspond to refreezing of melt ponds. The passive
the skin temperaturd’,;,,) when it is lower than 265 K microwave radiometer is very sensitive to phaseigesa

from March to September using Eq. 6. on the ice surface. This suggests that we coulddwgp
Hamsrz €sStimates using the skin temperature during
H' pmsrz [m] (6) spring and autumn. The blue and orange bars in7Fig.
= Hamsrz — (5.07 — 0.0247Tg) show improvements related to skin temperature

correction. Clearly, the thickness difference was

We confirmed that Eq. 6 is valid for the periodiro  minimized from March to June. Figure 7b shows lette
March to September. While Krishfielet al. (2014) agreement between the IMB and AMSR2 results during
attempted to estimate the SIT over the Beaufort Seaghe spring and summer seasons, suggesting that this
using ULS observations, their equation still regsir modified algorithm provides more reliable SIT d&da
correction as a function of the Julian day to inwgrits  the spring and early summer periods.
empirical seasonal bias. TA® is a function of both
temperature and emissivity (Cavaliesi al., 1984). 54 @)

When the emissivity is constant, a change in skin s “1 @ ggn
temperature contributes to th@B change. This § 34 @ 75N
correction would be dependent on the latitude dthvh TE o
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Fig. 8 Comparisons between monthly mean CS2 thgkne
Fig. 7 Examples of skin temperature, differences in and modified AMSR2 thickness along with the data of
thicknesses between IMB and AMSR2 data and codecte  Fig. 3. a) Longitudinal cross-sections and b) sealso
AMSR?2 draft values based on skin temperature in6Eq. cross-sections.
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thickness of more than 5 m in the north of Canadian

Arctic Archipelago, which resembles the monthly CS2

SIT values in appearance.

2
Sea-ice thickness [m]

Fig. 9 Examples of AMSR2 SIT on April 1, 2013: a}hwi
Julian day correctign b) with skin temperature
correction.

4. CONCLUSIONS
A SIT algorithm for AMSR2 data was newly
developed for the Arctic sea-ice in this study. Tte

draft was estimated from AMSR2 data using an

algorithm that was adapted from one designed fer th
AMSR-E data (Krishfielcet al., 2014). Ice draft values
were converted to thicknesses by comparing them wit
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