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Abstract— Recent progress in spatial resolution enhancement to SSM/I 85 GHz channels (SSM/I footprint size: 13x15%m
of sea ice concentrations obtained by microwave remote séng AMSR-E footprint size: 4x6 krf). The resolution of ice con-

has been stimulated by two new developments: First, the new ; ; ; ;
sensors AMSR (Advanced Microwave Scanning Radiometer) on centrations derived using the widespread NASA Team and

MIDORI-Il and AMSR-E on AQUA offer horizontal resolutions BOOtStrap_sea ice Co.ncemration algorithm.s is _reStricsethb
of 6x4 km at 89 GHz. This is nearly three times the resolution b channels involved with the lowest resolution, i.e. the 1%GH

the standard sensor SSM/I at 85 GHz (15x13 km). The sampling channels, that is 43x69 Kmfor SSM/I and 16x27 krh for
distance at the high frequencies is 12.5km at SSM/I and 5km AMSR-E. Thus the here presented sea ice concentrations
at the AMSR-E instrument. Second, a new algorithm enables o5ra5ent an improvement in spatial resolution of more than

the estimation of sea ice concentrations from the channelsear fact f3 dt 89 GH . trati
90 GHz, despite the enhanced atmospheric influence in these actor or 5 compared to non- Z Sea Ice concentrations.

channels. This allows to fully exploit their horizontal resolution
which is two to three times finer than the one of the channels Il. ARTIST SEA ICE ALGORITHM

near 19 and 37GHz. These frequencies are used by the most The here used ARTIST Sea Ice (ASI) algorithm was origi-
widespread algorithms for sea ice retrieval, the NASA Teammad 1 Jeveloped to benefit from the high spatial resolutién o
Bootstrap algorithms. These two developments are combinetb h h Is of th / . h
determine operationally sea ice concentration maps. The es the 85GHz channels of the SSM I Ser?sor [2]- Itis an en_ ance-
ASI (Artist Sea Ice) algorithm combines a model for retrieving ments of the Svendsen sea ice algorithm for frequencies near
the sea ice concentration from SSM/I 85GHz data proposed by 90 GHz [1]. One advantage of the ASI algorithm in contrast
Svendsen et al. [1] with an ocean mask derived from the 18-, to other 85GHz algorithms is that it solely bases on one
23-, and 37-GHz AMSR-E data using two weather filters and ;i \ment and does not need additional data sources as inpu

the Bootstrap Algorithm. The AMSR-E sea ice concentration . . .
data are projected into grids of sampling sizes down to 3km. It shows a similar performance as other sea ice algorithis [3

Hemispherical and regional maps are provided daily atww. The ASI algorithm distinguishes water and ice by the value
i up. physi k. uni - bremen. de. of the polarization differenc® of the brightness temperatures
T,

I. INTRODUCTION
P=T1Tgv —T1TBnu (1)

Sea ice concentrations, i.e. the covered percentage oéa giv
area with sea ice, are retrieved by passive microwave Sﬂans.d/,vith V' for vertical and H for horizontal polarization._ It .
since the start of the ESMR (Electrically Scanning MicrowavS known from surface measurements that the polarization
Radiometer) sensor in December 1972. Since 1987 the SSHifference of the emissivity is similar for all ice types and
(Special Sensor Microwave/lmager) is widely used for sea i§uch smaller than for open water (Fig. 1). As the temperature
concentration determination. A restriction of this instents ©Of the ocean near the ice is almost constant-at8 °C and
is the coarse resolution of the data. the temperature of the ice is not varying very much this ie als
In 2002 two new microwave radiometers were launcheffue for the polarization differencB. For the influence of the
AMSR-E (Advanced Microwave Scanning Radiometer foRtmosphere on the polarization difference we have
EOS) on the AQUA p[atform and AMSR (Advanced Mi- P=P, ¢ (1_1e—r _0.11) — P, a; )
crowave Scanning Radiometer) on the MIDORI-II (formerly
ADEOS-II) satellite. Control over MIDORI-II was lost in with opacity = and surface polarization differende,. This
October 2003. Therefore only AMSR-E data is used here. approximation is applicable for a horizontally stratifiett a
The main advantage of AMSR-E in comparison to SSMthosphere under arctic conditions with an effective cortstan
is its improved spatial resolution. For the 89 GHz channelsmperature and a diffusely reflecting surface viewed uader
used here the resolution is improved by factor 3 in comparismcident angle of approximately 3¢1]. Then the polarization
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Fig. 1. Vertical (V) and horizontal (H) emissivity of sea ie@d sea water
measured under an incident angle &f= 50° in winter and summer. At
89 GHz the emissivity differences A, B and C for the differée types are
similar and much small than the emissivity difference D otera

difference in dependence of the ice concentratibrtan be
written as

P:(Cpsyl‘f'(l_c) Ps;u)) ; (3)

with P, ; and P, ,, as surface polarization differences for ice

and water, respectively. The atmospheric influengeis a
function of the ice concentration [1]. With (3) the polatipa
difference P, for the ice concentratiod = 0 (open water)
and atmospheric influenesg is given by

Po = Qo Ps;w (4)

and similarly for the ice concentratiof = 1 (closed ice
cover) by
Py =a; Ps; . (5)

Taylor expansion of equation 3 arourdd = 0 andC' = 1
gives

P = OJ()O(PS)Z'—PS)U,)—I-PO C—0 (6)
P= a1 (C—=1)(Psi— Psw)+ P C —1.(7)
if all higher terms are neglected ang and a} considered
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Fig. 2. Arctic sea ice concentration map of Apr-17-2005 walied from
AMSR-E data using the ASI algorithm. In contrast to the siifiencolor table
of Fig. 3 a more intuitive color table is used to visualize iteeconcentrations
for non scientific users.

With (8) and (9) and their first derivatives the unknowtf)s
in (10) can be determined. Then (10) can be used to calculate
the sea ice concentration if the tie-poirdtg and P; for open
water and 100% ice coverage are known.

The correct choice of the tie-points is important for the
retrieval of the sea ice concentration as they also include

to be zero. With equations (4) and (5) the dependence tbe overall atmospheric influence. The ASI algorithm uses

the atmospheric influence can be substituted and the
concentration is given by:

C = (P£—1)(PP_7;;W) for C—0 (8)
C= E+(&-1)(s28=) for C=1.9

e T ~1.14 is a typical

value for sea ice signatures fl? To be able to retrieve

w
s

For Arctic conditions (P

ice concentration values between 0% and 100% we need
interpolate between the solutions (8) and (9). Assuming tKEie

atmospheric influence to be a smooth functiorCoive select

a third order polynomial for the sea ice concentration betwe

open water and 100% ice cover:

C = d3P? + dy P? 4+ d1 P + dp. (10)

foeed tie-points found by comparing ice concentrations of

the Svendsen algorithm with well calibrated reference ice
concentrations. They can for example be obtained from the
lower frequency channels of the radiometer which suffes les

from the atmospheric influence.

Effective filters are necessary to remove spurious ice con-
centrations in open water areas. The weather filtering psoce
qj?nsists of three steps. All of them are using the lower

equency channels with lower spatial resolution. This -doe
t& lead to a lower resolved ice edge of the ASI data [2] but
it'may cause pixels along the ice edge to show too high ice
concentrations due to missing weather filters.
a) : The first weather filter uses the gradient ratio (GR)
of the 36.5 and 18.7 GHz channels [4] which is positive for
water but near zero or negative for ice. This ratio mainly
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Fig. 3. Comparison of ice concentrations on Feb-23-20051énSea of Okhotsk. The left image shows the Bootstrap iceettrations in a 12.5km grid
which matches the spatial resolution of the data. The middege shows the ASI ice concentrations in a 3.125km grid. rEdeellipse marks a region of
open water which is clearly visible in the ASI ice concernras and the MODIS false color image of that day (right image)is not visible in the Bootstrap
data due to the lower resolution.

filters high cloud liquid water cases. Fourteen scatterspladifferences above (belowp, (P;) are set to 0% (100%)
GR(36.5/18.7) vs. thel8.7 GHz polarization ratio distributed ice concentration. The atmospheric influence Bncan be
over all seasons and both hemispheres were analyzed to finagheglected and all ice types even for different seasons have a
optimal threshold which does not filter out too many low iceimilar polarization difference (Fig. 12 therefore has to be
concentrations but cuts off all spurious i€8R(36.5/18.7) > the best representation for all ice types in the dataset. The
0.045 = C(ASI) = 0. This threshold at least keeps all iceatmospheric influence ofY, is much larger. Thus the choice
concentrations above 15% which often is defined as the iok P, also includes the general atmospheric influence on the
edge contour line. brightness temperatures.

b) : To additionally exclude high water vapor cases The time span and region for which a set of tie-points is
above open water the gradient rafid?(23.8/18.7) is used [5] valid depends on the variability of the atmospheric condii

and by a study similar t@) a second threshold was found agnd the accuracy of the sea ice concentration required éor th
GR(23.8/18.7) > 0.04 = C(ASI) = 0. application at hand.

c) : Finally all ASI ice concentration data with corre- o 30 gays comparison during the Arctic Radiation and
sponding Bootstrap ice concentration data below 5% a_rmsetﬂjrbulence Interaction STudy (ARTIST) of ASI SSMII ice
zero: C(Bootstrap) < 5% = C(ASI) = 0. After applying  .,ncentrations with fixed tie-points with those calculatéth

these filters only very few extreme weather events may siifle NASA Team algorithm [6] showed a mean difference of
cause spurious ice in the open ocean. only (1 +4)% [2]. It is therefore not necessary to change the
A sea ice concentration map showing the complete Arclg, ,intg day by day to get dependable results. This finding
on a6.25km grid and using the tie-pointsy = 47K and ;s 4154 supported by experiences of the Arctic Ocean Section
Py = 11.7K is shown in Fig. 2. These maps are 0pergs,qition [7] and the Polarstern ARK-XX/2 expedition from

tional!y publi_shed by the IUP, Univers_ity Bremem(w. I up. July to August, 2004 when ASI AMSR-E ice concentrations
physi k. uni - br enen. de) on a daily base using the dataWere processed on board

of the day before. . . : . .
An example of the accomplished improvements in the For the operational ice maps published in the internet a set

spatial resolution in comparison to the Bootstrap algarith of constant tie-points is used through the whole year and for

demonstrated in the Sea of Okhotsk (Fig. 3) were a fraction r?)tr: sz'fophde;es_Ifﬁegggfagj{r?t;cofsf;i“ ;: € _co?fe;nlzsatlo
open water evolved along the south-easterly end of Sakhalin Y Y- Ie-pointso = T =

. . g ave been chosen by correlation comparison with AMSR-E
A region of open water can be clearly identified in the MODI ootstrap ice concenirations. For reaional studies aekiLie-
false color image (Fig. 3 right) of that day. It is correctly P : 9 aeilse

reproduced in the ASI AMSR-E ice concentrations (middIeEJOIntS may yield better results. For example a differentaset

. ie-points was used during Polarstern expedition ARK-XX/2
but not in the Bootstrap AMSR-E one (left). The coarS((aPOp: 50.0, P, — 9.0) V\?hich visually brétter represented

resolution of thel8.7 (=~ 20.1 km) and36.5 GHz (=~ 10.6 km) the ice concentrations around the shio as seen by heliconter
channels used for the Bootstrap algorithm and all other low ! : u 'P y helicop

frequency algorithm totally smears out the open water. FVeys. . ,
To estimate the errors introduced to the ASI results by
lll. VALIDATION AND ERRORESTIMATION the variability of the opacityr and of the surface polariza-

The tie-point Py and P; determine the maximum andtion differencespP; ,, and P ;, variabilities measured during
minimum polarization difference, respectively. All pdlation the ship campaigns NORSEX and MIZEX are used [1]:
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Fig. 4. The expected standard deviation of the ASI ice camaton C

using fixed tie-points and standard deviationsToéind Ps obtained during
field measurements. The red curve shows the total expeetedsstl deviation
(black dashed: using only -, green dash-dotted: onlyp, ,,, blue dashed:

only Ups)i).

Pi. = (82 +4)K P,;=(10+4)K

Tw = 0.27+£0.1 7, =0.14£0.035.

Using (2) the optimal tie-points under these circumstanc
are found asP, = 46K and P, = 7.4K. They are kept
constant and the standard deviation of the ice concentratio
in depends of” is calculated from (3) assumingto decrease
linearly betweenr, and 7;. A detailed error analysis [8]
(Fig. 4) shows thatrc decreases from 25% fof' = 0%
to 5.7% for C = 100%. Above C = 65% oc is smaller

than10%. This gives an impression about the error introduced

through day by day and regional variations of the atmosphe
opacity and the surface polarization difference if rekabé-
points are used.

The assumed accuracy of the lower frequency algoritms

is approximately 7% but also cases with discrepancies

should not exeed 10%. In areas with low ice concentrations
depending on the atmospheric conditions substantial ien&
may occur.

In operational applications this shortcomming generaly i
more than compensated by the more than 3 times higher
spatial resolution of the data in comparison to the conoaafi
passive microwave sea ice concentration algorithms. Byste
atic sea ice concentration uncertainties affect climateleho
variables (e.g. the surface air temperature) nearly lipgat].
However, regional atmospheric models will benefit masgivel
of the increased horizontal resolution of the ice conceioina
data presented in this study [2].

Additionally the increased resolution reduces the erroes d
to mixed coastal pixels. This is particular useful when magp
coastal polynyas and smaller seas such as the Baltic Sea,
Caspian Sea and the Sea of Okhotsk.
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