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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 Colncemration 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 43x69Kmfor 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 o5 asent 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 in uence in these actor or 5 compared to non- Z Sea Ice concentrations.

channels. This allows to fully exploit their horizontal reslution
which is two to three timesynerpthan 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 Team ad nally developed to bene t from the high spatial resolutidh o
Bootstrap algorithms. These two developments are combinetb .
determine operationally sea ice concentration maps. The es the 85 GHz channels of the SSM/I Sensor [2]. Itis an en.hance'
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 85 GHz 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 Iters and . ;
the Bootstrap Algorithm. The AMSR-E sea ice concentration instrument and does not need additional data sources afs inpu

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 atwww. The ASI algorithm distinguishes water and ice by the value
iup.physik.uni-bremen.de . of the polarization differencP of the brightness temperatures
Ts,
I. INTRODUCTION P=Tev Tan (1)
Sea ice concentrations, i.e. the covered percentage oéa giv
area with sea ice, are retrieved by passive microwave s&nsd‘Nith V for vertical andH for horizontal polarization._ It .
since the start of the ESMR (Electrically Scanning MicrowaviS 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 a8 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 launcheliue for the polarization differende. For the in uence 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.e Ile 011 = 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 differend®. This
October 2003. Therefore only AMSR-E data is used here. approximation is applicable for a horizontally strati ed- a
The main advantage of AMSR-E in comparison to SSMtosphere under arctic conditions with an effective cortstan
is its improved spatial resolution. For the 89 GHz channelsmperature and a diffusely re ecting surface viewed urater
used here the resolution is improved by factor 3 in comparistcident angle of approximately 5¢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 of= 50 in winter and summer. At
89 GHz the emissivity differences A, B and C for the differéce types are
similar and much small than the emissivity difference D otera

difference in dependence of the ice concentratibrtan be
written as

P=(CPsi +(1 C)Psw) ai )

with Ps; andPs., as surface polarization differences for ice
and water, respectively. The atmospheric in uergeis a
function of the ice concentration [1]. With (3) the polatioa
differencePy for the ice concentratio® = 0 (open water)
and atmospheric in uenceg is given by

Po = ag Ps:w (4) Fig. 2. Arctic sea ice concentration map of Apr-17-2005 wlalied from
o ) . . AMSR-E data using the ASI algorithm. In contrast to the stierolor table
and similarly for the ice concentratioB = 1 (closed ice of Fig. 3 a more intuitive color table is used to visualize ite concentrations

cover) by for non scienti ¢ users.
P1=a Ps; : (5)
Taylor expansion of equation 3 arou@ =0 andC =1 With (8) and (9) and their rst derivatives the unknowds
gives in (10) can be determined. Then (10) can be used to calculate
p = 2 C(Psi  Psw)+ Po for C1 0 (6) the sea ice concentration if the tie-poiftg and P, for open

water and 100% ice coverage are known.

P= a(C 1(Psi Psw)+Pr for C! 1(7)  The correct choice of the tie-points is important for the
if all higher terms are neglected arad and a considered retrieval of the sea ice concentration as they also include
to be zero. With equations (4) and (5) the dependence tbe overall atmospheric in uence. The ASI algorithm uses
the atmospheric inuence can be substituted and the iceed tie-points found by comparing ice concentrations of

concentration is given by: the Svendsen algorithm with well calibrated reference ice
concentrations. They can for example be obtained from the
C= Pog [ Paw for C! 0 (8) : :
Po Psi  Powm : lower frequency channels of the radiometer which suffes les
C= Pi + Pi 15 PS;V;, for C! 1. (9) from thg atmospheric in uence. _ _
1 1 sii Psw Effective lters are necessary to remove spurious ice con-
For Arctic conditions Pswps;vr)gw = 114is a typical centrations in open water areas. The weather Itering pssce

alue for sea ice signatures [1]. To be able to refrieve cansists of three steps. All of them are using the lower
vaiu : 'ghatu ' eV ?‘equency channels with lower spatial resolution. This sloe

ice concentration values between 0% and 100% we need :
interpolate between the solutions (8) and (9). Assuming tﬁéﬁ 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
atmospheric in uence to be a smooth function@fwe select y b g g 9

) . ) ) concentrations due to missing weather lters.
a third order polynomial for the sea ice concentration betwe ) . .
. ) a) : The rst weather Iter uses the gradient ratio (GR)
open water and 100% ice cover:

of the 36:5 and 18:7 GHz channels [4] which is positive for
C = d3P3+ d,P?+ dyP + dp. (10) water but near zero or negative for ice. This ratio mainly



AMSR-E Bootstrap, 12.5km AMSR-E ASI, 3.125km TERRA MODIS

Feb-23-2005
(channels 7,2,1, time: 01:25 UTC)

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. fEdeellipse marks a region of
open water which is clearly visible in the ASI ice concernrias and the MODIS false color image of that day (right image)is not visible in the Bootstrap
data due to the lower resolution.

Iters high cloud liquid water cases. Fourteen scatter plotlifferences above (belowlpy (P;) are set to 0% (100%)
GR(36:5=18:7) vs. thel8:7 GHz polarization ratio distributed ice concentration. The atmospheric in uence Ba can be
over all seasons and both hemispheres were analyzed to ndreglected and all ice types even for different seasons have a
optimal threshold which does not Iter out too many low icesimilar polarization difference (Fig. 1P; therefore has to be
concentrations but cuts off all spurious i€&R (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 in uence o, is much larger. Thus the choice
concentrations above 15% which often is de ned as the iad Py also includes the general atmospheric in uence 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 raB& (23:8=18:7) is used [5] valid depends on the variability of the atmospheric condii
and by a study similar ta) a second threshold was found agnd the accuracy of the sea ice concentration required éor th
GR(23:8=187) 0:04) C(ASI)=0. application at hand.

c) : Finally all ASI ice concentration data with corre- 5 3 days 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 cqncentrations with xed tie-points with those calculateith
these lters only very few extreme weather events may stifh,o 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 Arclig, qinis day by day to get dependable results. This nding
on a6:25km grid and using the tie-pointBo = 47 K and ;s 4155 supported by experiences of the Arctic Ocean Section

F.>1 = 11:7|.< is shown in Fig. .2' T.hese maps are Operaéxpedition [7] and the Polarstern ARK-XX/2 expedition from
tlona_IIy pu_bhshed by the IUP, Unlvers_lty Breme\m_(/w.mp. July to August, 2004 when ASI AMSR-E ice concentrations
physik.uni-bremen.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 algarih of constant tie-points is used through the whole year and for

demonstrated in the Sea of Okhotsk (Fig. 3) were a fraction ?th hemispheres to gqaran_tee co_n5|stent ice _conc.emsatlo
rom day to day. The tie-point®y = 47K, P; = 11:7K
open water evolved along the south-easterly end of Sakhalin . ! .
. . ST ave been chosen by correlation comparison with AMSR-E
A region of open water can be clearly identi ed in the MODI

false color image (Fig. 3 right) of that day. It is correctly ootstrap ice concentrations. For regional studies aeljiise-

. : . . oints may yield better results. For example a differentofet
reproduced in the ASI AMSR-E ice concentrations (middle), . . "
but not in the Bootstrap AMSR-E one (left). The Coarsﬁe-pomts was used during Polarstern expedition ARK-XX/2

resolution of thel&7 ( 20:1km) and36:5GHz ( 10:6km) (o = 50:0, P1 = 9:0) which visually better represented
. the ice concentrations around the ship as seen by helicopter
channels used for the Bootstrap algorithm and all other low

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 opacity and of the surface polariza-

The tie-point Po and P; determine the maximum andtion differencesPs., andPs;, variabilities measured during
minimum polarization difference, respectively. All pdlation the ship campaigns NORSEX and MIZEX are used [1]:



0.30

0.25

T
/

0.20

0.15

0.10

Standard Deviation o,

0.05

0000 "7 o L

|
|

PR

| |
0.4 0.6
Ice Concentration C

5o
=

-
=]

should not exeed 10%. In areas with low ice concentrations
depending on the atmospheric conditions substantial ienia
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 conoeafi
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 bene t massivel
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,

Fig. 4. The expected standard deviation of the ASI ice camagon C

using xed tie-points and standard deviations ofand Ps obtained during
eld measurements. The red curve shows the total expectediatd deviation
(black dashed: using only , green dash-dotted: onlyp,, , blue dashed:

Caspian Sea and the Sea of Okhotsk.
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are found asPy = 46 K and P; = 7:4K. They are kept
constant and the standard deviation of the ice concentrago
in depends o€ is calculated from (3) assumingto decrease |4
linearly between ,, and ;. A detailed error analysis [8]
(Fig. 4) shows that ¢ decreases from 25% fo€ = 0%
to 5:7% for C = 100%. Above C = 65% ¢ is smaller |,
than10% This gives an impression about the error introduced
through day by day and regional variations of the atmospheri
opacity and the surface polarization difference if rekabé- 3]
points are used.

The assumed accuracy of the lower frequency algoritms
is approximately 7% but also cases with discrepancies
to 30% have been observed [9]. For high ice concentration
values the ASI algorithm ts well into this range. For low ice [5]
concentrations the algorithm may signi cantly overestina
in cases of high cloud liquid water content, especially whers]
cyclones cross the ice edge. On the other hand the 89 GHz
channels are less effected by ice types, refrozen meltpon
and snow layering, however they are sensitiv to the density
and grain size of the snow on top of the sea ice [10]. ]

IV. CONCLUSIONS

Today the 89 GHz channels of AMSR-E offer the highest
spatial resolution for extraction of daily available, gidlsea g
ice concentration data. The ASI ice concentration algorith
uses an empirical model to retrieve the ice concentrat(i]ﬁrg)
between 0% and 100%. It also includs a statistical model
about the atmospheric in uence. Even if the set of tie-poiat
not adapted daily for the changing of atmospheric an surfaﬁg]
condition, the algorithm shows appropriate results egfigci
at mid and high ice concentrations (above 65%) were the error
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