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Abstract

In recent years, the rapid decline of Arctic sea ice area (SIA) and sea ice extent (SIE), especially for the multiyear
(MY) ice, has led to significant effect on climate change. The accurate retrieval of MY ice concentration retrieval is
very important and challenging to understand the ongoing changes. Three MY ice concentration retrieval
algorithms were systematically evaluated. A similar total ice concentration was yielded by these algorithms, while
the retrieved MY sea ice concentrations differs from each other. The MY SIA derived from NASA TEAM algorithm
is relatively stable. Other two algorithms created seasonal fluctuations of MY SIA, particularly in autumn and
winter. In this paper, we proposed an ice concentration retrieval algorithm, which developed the NASA TEAM
algorithm by adding to use AMSR-E 6.9 GHz brightness temperature data and sea ice concentration using 89.0
GHz data. Comparison with the reference MY SIA from reference MY ice, indicates that the mean difference and
root mean square (rms) difference of MY SIA derived from the algorithm of this study are 0.65x10¢ km? and
0.69x106 km? during January to March, -0.06x10% km? and 0.14x10% km? during September to December
respectively. Comparison with MY SIE obtained from weekly ice age data provided by University of Colorado
show that, the mean difference and rms difference are 0.69x106 km? and 0.84x10°® km?, respectively. The
developed algorithm proposed in this study has smaller difference compared with the reference MY ice and MY

SIE from ice age data than the Wang’s, Lomax’ and NASA TEAM algorithms.
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1 Introduction

The Arctic sea ice extent (SIE) in recent years has rapid de-
cline in response to global warming (Serreze et al., 2007; Per-
ovich and Richter-Menge, 2009; Tietsche et al., 2011; Comiso and
Nishio, 2008). The decreasing rate of SIE and sea ice area (SIA)
have shifted from about 2.2% and 3.0% per decade in 1979-1996
to about 10.1 and 10.7% per decade during 1997-2007, respect-
ively (Comiso et al., 2008). The last six years (2007-2012) have
been witnessed the six lowest September SIEs on record (Livina
and Lenton, 2013). MY ice is the portion of the sea ice survives
the summer represents the thickest component of the sea ice
cover. After the melt season, the Arctic SIE reaches minimum,
which usually represent the MY SIE. Recent observations of Arc-
tic sea ice show a significant loss of multiyear (MY) ice (Armour
et al., 2011), and the MY SIE and SIA are declining at a rate of
15.1% and 17.2% per decade, respectively (Comiso, 2012). And
the fraction of MY sea ice in March decreased from about 75% in
the mid 1980s to 45% in 2011, while the proportion of the oldest
ice declined from 50% of the MY ice pack to 10% (Maslanik et al.,
2011). In 2007, the MY ice area was reduced to 38% of its climato-
logical average during 1979-2007 (Comiso, 2012). Remote sens-
ing detection by QSCAT indicated the SIE of MY ice in Arctic
March 2007 was 23% smaller than what has been detected in the
same month of 2005 (Nghiem et al., 2007). Meanwhile, the aver-
age thickness is also decreasing (Bi et al., 2014). And the average

wintertime ice thickness decreased 48% from about 3.64 m in
1980 to about 1.89 m in 2008 (Kwok and Rothrock, 2009).

The decline of Arctic sea ice is driven by both thermodynam-
ic and dynamic factors in response to global warming. The de-
cline of the MY ice makes the Arctic sea ice cover shift toward
more first year (FY) ice (Stroeve et al., 2014). In the past 30 years,
the extremely high positive values of surface temperature have
expanded to the Greenland Sea and Hudson Bay and the central
Arctic ice covers decreases rapidly (Comiso, 2012, Parkinson and
Comiso, 2013). The latest study shows that open water region oc-
curs in the central Arctic, which has a significant impact on the
total amount of absorbed solar energy (Comiso et al., 2008).
There is a “negative feedback” relationship between ice and the
absorbed downwelling radiation. The ice will reflect most of the
downwelling radiation and the more ice cover will lead to the less
absorbed downwelling radiation by ocean. But this negative
feedback for the Arctic ice recover is destroyed (Kay et al., 2008),
which makes the MY ice difficult to recover to its early 1980s ex-
tent and area, due to lack of a few years abnormally cold temper-
ature (Comiso et al., 2008). The persistent decline of the MY ice
makes the Arctic ice cover thinner and thinner, the ice respond
more and more readily to wind and temperature forcing, which
may lead to unpremeditated decrease (Lindsay et al., 2009). The
open water-ice proportion and solar heat absorbing are a posit-
ive feedback. When the ice cover decline in Arctic, there will be
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more open sea. The more open sea will absorbed more solar heat
and warm the ocean which lead to more ice melt, thus accelerate
the decline of Arctic ice cover. Ice export due to thinner ice driv-
ing by wind through Fram Strait and the positive feedback in-
duced by the increasing open water help accelerate the Arctic ice
decline (Comiso, 2012). The low Arctic sea ice coverage of 2007
on record was caused by anomalously high temperatures and
southerly winds in Pacific sector and the thinner and thinner MY
ice cover (Comiso et al., 2008). The rapid sea ice decrease of Arc-
tic region is the result of pre-conditioning of the Arctic abnor-
mally low MY ice coverage in recent years (Serreze et al., 2007;
Lindsay and Zhang, 2005). Therefore, the study of MY ice vari-
ation is very important to understand Arctic rapid change.

The study of the variation of FY and MY ice needs good tem-
poral and spatial data source. Microwave data are not limited by
the polar night and less hampered by rain and fog. Sea ice con-
centration derived from passive microwave data has a better
temporal and spatial continuity compared with other data such
as visible light remote sensing data. There are four algorithms
used to derive FY ice and MY ice concentration: NASA-Team al-
gorithm (Cavalieri et al., 1984) based on SSM/I data; Lomax’s al-
gorithm (Lomax et al., 1995) combined with ASI (the Arctic Radi-
ation and Turbulence Interaction Study (ARTIST) Sea Ice) al-
gorithm; Wang's algorithm (Wang et al., 2009) based on AMSR-E
89.0 GHz data; and Comiso’s algorithm (Comiso, 2012) based on
AMSR-E (Advanced Microwave Scanning Radiometer for Earth
Observing System) 36.5 GHz and 89.0 GHz data using linear
equation. The accuracy of the retrieval algorithm affects the in-
vestigation for sea ice variation, especially for MY ice. Here,
based on AMSR-E data in 2007, we will compare the presently
available MY and FY ice retrieval algorithms and then try to de-
velop the algorithm, in order to obtain more reliable data for the
future study of FY and MY sea ice variation.

In this study, we will first describe both the AMSR-E mi-
crowave radiometer data used to retrieve ice concentrations and
the sea ice age data used for comparison in Section 2. After that,
the details of the previous algorithms are presented in Section 3
and compared in Section 4. And a developed algorithm based on
NASA TEAM algorithm is constructed in Section 5. The sub-
sequent comparison is presented in Section 6. Finally, a brief
summary will be provided at the end.

2 Data set

The AMSR-E gridded brightness temperature data provided
by NSIDC (National Snow and Ice Data Center) in polar stereo-
graphic projection are used to retrieve sea ice concentration and
make weather filters. AMSR-E is a microwave radiometer on
board the AQUA satellite platform. Sea ice concentration is re-
trieved using data observed in horizontal and vertical polariza-
tion channels of the 6.9 GHz, 18.7 GHz, 36.5 GHz and 89.0 GHz
bands. And weather filters is organized using the brightness tem-
perature data from 18.7 GHz, 23.8 GHz and 36.5 GHz vertical
channels. The brightness temperature data from 89.0 GHz have a
spatial resolution of 6.25 kmx6.25 km. Those from18.7 GHz, 23.8
GHz and 36.5 GHz channels have a resolution of 12.5 kmx12.5
km, which are linearly interpolated onto the 6.25 kmx6.25 km
grids. The brightness temperature data from 6.9 GHz vertical
channels have a resolution of 25 km x25 km, which are also lin-
early interpolated onto the 6.25 kmx6.25 km grids.

For comparison, the weekly sea ice age data derived from sea
ice motion data at the University of Colorado were used, which
have an EASE-Grid projection with spatial resolution of 12.5
kmx12.5 km. The weekly sea ice age used here are introduced by

Fowler et al. (2003) and described further by Maslanik et al.
(2007), Tschudi et al. (2010), and Maslanik et al. (2011).

3 The MY ice concentration retrieval algorithms

3.1 NASA TEAM algorithm

In the NASA TEAM algorithm, the polarization gradient ratio
(PR) and spectral gradient ratios (GR) based on DMSP SSM/1
19.4 GHz horizontally (H) and vertically (V) polarized channels
and the 37.0 GHz vertically polarized channel are used to calcu-
late the FY and MY ice concentration. The total ice concentration
is the sum of the FY and MY concentrations (http://nsidc.org/
data/docs/daac/nasateam/). The algorithm for FY and MY ice
concentrations is as follows (Cavalieri et al., 1984):

Cry = (ay + @PR + &GR + a;PR x GR)/D, (0
Cwmy = (b + PR + B,GR + BPR x GR)/D, 2
PR = [T3(19.4, V) — T5(19.4, H)]/[T(19.4, V) + T(19.4,H)], (3)
GR = [T3(37.0,V) — T(19.4, H)] /[T3(37.0, V) + T3(19.4,H)|, (4)

D =c¢y+ c1PR + c2GR + ¢3PR x GR, )

where a, b, and ¢ (i=0,1,2,3) are the coefficients, which can be
obtained by the tie point values for 100% FY ice and MY ice; PG
and GR can be obtained using the observed brightness temperat-
ures of Ty. Here 19.4 GHz and 37.0 GHz denote the two bands of
SSM/I radiometer onboard the DMSP satellite.

3.2 Lomax’s algorithm

The 85.5 GHz vertically and horizontally polarized channels
of the Special Sensor Microwave Imagers (SSM/I) aboard the De-
fense Meteorological Satellite Program (DMSP) spacecraft offer
potential to map sea ice with a high spatial resolution of 12.5 km.
The Arctic total ice concentration can be estimated from 85.5
GHz data using the algorithm by Svendsen et al. (1987). The
model and observation proved that volume scattering in MY ice
had an noticeable impact on the brightness temperature meas-
ured by the SSM/I 85.5 GHz channels and the emissivity of MY
ice was smaller than that of FY ice. Lomax et al. (1995) developed
an algorithm to derive MY sea ice concentration (C,,) according
to the above mention. The expression of Cy,, is as follows (Lo-
max et al., 1995):

()

PCTwy — PCTry

PCT - PCTx
Cwmy = Cror ( ik ) ,

where PCT=1.613Ty(v,V)-0.613Ty(v,H) is the weighted bright-
ness temperature difference between those data from H- and V-
polarized channels of 85.5 GHz (v=85.5 GHz) for the satellite-ob-
served sea ice. Cy is the total sea ice concentration. PCTyy is the
weighted brightness temperature difference for 100% FY ice and
PCT,y is for 100% MY ice, respectively.

3.3 Wang’s algorithm

In Wang et al. (2009)’s algorithm, the 89.0 GHz brightness
temperature data from AMSR-E in the grid were assumed to con-
tain information of FY ice, MY ice and open sea water. Thus the
brightness temperatures can be expressed follows:

Ts(v, p) = Tey (v, p)Cry + Ty (v, p)Cumy + Tow (v, p) X
(1 = Cpy — Cmy), @)
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P = PpyCpy + PmyCwmy + Pow(1 — Cpy — Cuy), (8)

where T;(v,p) is the brightness temperature, v and p stand for the
frequency and the vertical (V) or horizontal (H) polarization, re-
spectively, FY, MY and OW denote the FY ice, MY ice and open
water, respectively. In left side of Eq. (8), P is called as the polariz-
ation difference defined as the brightness temperature differ-
ence between 89.0 GHz vertically and horizontally polarized
channels Ty(v,p), Ty (V,0), Tow(V,p), Pry, Pyy and Py, called as
the tie points, defined as the brightness temperature and the po-
larization difference for 100% FY ice, 100% MY ice and open wa-
ter under the corresponding frequency and polarization, respect-
ively. Cpy and Cy,y are the FY and MY sea ice concentration, re-
spectively.

3.4 Comiso’s algorithm

In Comiso (2012)’s algorithm, the multi-channel linear al-
gorithm is used to calculate FY and MY ice concentration using
AMSR-E 36.5 GHz/89.0 GHz brightness temperatures. However,
although the MY ice retrieval algorithm is given, the dynamic tie
points is not provided in their paper. So, the Comiso’s algorithm
is not discussed in this study.

In this study, NASA TEAM algorithm, Lomax’s algorithm and
Wang's algorithm will be compared, and a developed algorithm
based on NASA TEAM algorithm will be proposed.

4 Comparison of the SIAs and ice concentrations of three al-
gorithms

SIE is the cumulative area of all polar grid cells that have at
least 15% sea ice concentration; SIA is the sum of the grid cell
areas multiplied by the ice concentration for all cells with ice
concentrations of at least 15%.

Figure 1 shows SIAs in 2007 retrieved by the three algorithms
using AMSR-E data, except the Comiso (2012)’s algorithm. The
total SIAs retrieved by these algorithms are basically the same
SIA (Fig. 1a), but the FY and MY SIA of NASA TEAM algorithm
shows difference in winter months (December-April) compared

with those from other two methods (Figs 1b and c). Specially, the
MY SIA of NASA TEAM algorithm keeps stable during winter
months while those of the other two algorithms not. The MY SIAs
obtained from Wang’s algorithm and Lomax’s algorithm have
obviously seasonal fluctuation (Fig. 1b). The MY SIAs reach min-
imum in August, then increase after melt season and get larger in
winter to maximum in March. The FY SIAs reach minimum in
September, increase after melt season, and reach maximum in
May not in winter time (Fig. 1c). The MY SIAs obtained from
NASA TEAM algorithm keep stable except the melt season from
June to August. As the MY ice survived at least one melt season,
during the winter, the increase amount of the sea ice mainly be-
long to first year ice. So, the MY ice should not obviously in-
crease or decrease after the melt season. The seasonal fluctu-
ation with unreasonable increases in fall and winter of Wang and
Lomax’s SIAs caused by misjudging FY ice as MY ice, which
maybe the direct use of the brightness temperature which influ-
enced by the physical temperature. While the NASA TEAM al-
gorithm using the PR and GR, which eliminate the effect of the
physical temperature (Wang et al., 2009).

The passive microwave signature of MY and FY ice are signi-
ficantly different because of differences in salinity and dielectric
properties (Vant et al., 1978). Thus the emissivity for MY and MY
ice is different, making it possible to discriminate between these
two ice types. During summer, the melting changes the proper-
ties of the ice, making the MY ice signature is not stable (Comiso,
2012). And also the MY ice melting and after melt season, the sur-
vived FY ice will become MY ice. The four mentioned algorithms
are not accurately during June to August to reflect the process
properly.

In order to assess the MY ice concentrations derived from the
aforementioned three algorithms, it is needed to define a refer-
ence MY ice concentration in this study. The reference MY ice
concentration field is defined by two conditions as follows. (1)
The reference MY ice concentration in every grid cell equals the
corresponding value in the day when the SIE is the minimum in
whole year. (2) The reference ice concentration is assigned as

Fig. 1. Daily SIAs of total ice (a), MY ice (b) and FY ice (c) versus time during 2007 in Arctic region.
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zero in those cells where the ice concentration is zero in any day
of the year. The perennial ice are often represented by summer
ice minimum (Comiso and Hall, 2014), though there are still
some seasonal ice included in the summer ice minimum. So the
referenced MY ice still include some seasonal ice. It has been
found that the SIA reaches annual minimum on September 14,
2006 and annual minimum on September 18, 2007. The refer-
ence MY ice concentrations in 2006 and 2007 are shown in Figs
2a and e, respectively. The SIEs reached the annual maximum on
March 6, 2007 and the annual minimum on September 18, 2007.
Considering the definition of MY ice, the MY ice concentrations
on March 6, 2007 retrieved from the three algorithms should be
compared with the reference MY ice concentration of 2006; the
MY ice concentrations on September 18, 2007 retrieved from the
three algorithms should be compared with the reference MY ice
concentration of 2007. In Fig. 2, the MY ice concentrations on
March 6, 2007 retrieved from Wang’s algorithm (Fig. 2b),
Lomax’s algorithm (Fig. 2c), and NASA TEAM algorithm (Fig. 2d)
are compared with the reference MY ice concentration of 2006

(Fig. 2a). The MY ice concentrations on September 18, 2007 re-
trieved from Wang's algorithm (Fig. 2f), Lomax’s algorithm (Fig.
2g), and NASA TEAM algorithm (Fig. 2h) are compared with the
reference MY ice concentration of 2007 (Fig. 2e). For March 6,
2007, the MY ice concentrations and MY ice-covered areas de-
rived from Wang’s algorithm (Fig. 2b) and Lomax’s algorithm
(Fig. 2c) are larger than those from 2006 reference (Fig. 2a), this
conclusion agrees with that shown in Fig. 1b. The MY ice concen-
trations derived from NASA TEAM algorithm (Fig. 2d) are smal-
ler than those from 2006 reference (Fig. 2a); however, the corres-
ponding ice-covered areas are similar to those from 2006 refer-
ence. For September 18, 2007, the MY ice-covered areas derived
from all three algorithm (Figs 2f, g and h) keep a good agreement
with each other. However, the MY ice concentrations derived
from NASA TEAM algorithm (Fig. 2h) are relatively smaller than
others in Canadian Archipelago. Compared with the reference
MY ice concentration of 2007 (Fig. 2e), the MY ice concentra-
tions and MY ice-covered areas on September 18, 2007 derived
from all three algorithms are relatively small.

Fig. 2. Spatial distribution of MY ice concentrations in the Arctic: Figs 2a and e denote the reference MY ice concentration in 2006
and 2007, respectively; Figs 2b, c and d denote the MY ice concentrations on March 6, 2007; and Figs 2f, g and h denote the MY ice
concentrations on September 18, 2007, retrieved from the three algorithms, respectively.

5 A developed algorithm based on NASA TEAM algorithm

By comparing the results of Wang’s algorithm, Lomax’s al-
gorithm and NASA TEAM algorithm, we find that there are signi-
ficant problems in first two. Here, the MY or perennial ice refers
to the ice which has survived at least one summer melt season
(Cavalieri et al., 1984). The MY ice is the thick and old compon-
ent with relatively low salinity and emissivity of the Arctic sea ice,
mainly distributed in the central Arctic Ocean and Canadian Ar-
chipelago. When Arctic SIA reaches annual minimum in Septem-
ber, the Arctic is basically covered by MY ice. While the MY SIAs
calculated using Wang’s algorithm and Lomax’s algorithm
reaches annual minimum in July or August, which does not
match the definition of MY ice. And these two algorithms overes-
timated the MY ice concentration in winter and delayed the FY

ice melting time in spring (Wang et al., 2009). The MY SIAs de-
rived from the NASA TEAM algorithm keeps stable and there was
no obviously increase or decrease during the winter. But com-
pared with the reference MY ice concentration, the MY ice con-
centrations of NASA TEAM algorithm are obviously smaller. In
this study, we will try to develop the MY ice concentration retriev-
al algorithm based on NASA TEAM algorithm. The NASA TEAM
sea ice concentration algorithm (Cavalieri et al., 1984) is estab-
lished aiming at the brightness temperature observed by DMSP
SSM/I radiometer in 19.4 GHz and 37.0 GHz bands. A similar al-
gorithm can be developed by using the brightness temperatures
in 6.9 GHz, 18.7 GHz, 36.5 GHz and 89.0 GHz bands observed by
AMSR-E radiometer onboard EOS-PM (Aqua) satellite based on
NASA TEAM algorithm. Compared with SSM/I radiometer, AM-



106

SR-E has 18.7 GHz band, which is close to 19.4 GHz band of
SSM/1, and 36.5 GHz band, which is close to 37.0 GHz band of
SSM/I1. Therefore, a part of NASA TEAM ice concentration al-
gorithm may be introduced in the new algorithm for AMSR-E ra-
diometer. Similar to the Eqs (2) and (5), the algorithm for MY ice
concentrations is proposed as follows:

dy+d, x PR +d,x GR'+d;x PR' x GR’
By+H,x PR"+U,x GR'+ U, x PR' x GR"’ ©)

Cmy =

where PR’ and GR’ are the middle variable denoted by

PR’ = [Ty(6.9, V) — T5(6.9, H)]/[T5(6.9, V) + T5(6.9, H)],  (10)

GR' = [T(36.5,V) — T3(18.7, )]/ [T (36.5, V) + Tp(18.7,V)], (11)
and a,, b, and ¢, (i=0,1,2,3) are the coefficients, which can be ob-
tained by the tie point values based on 100% FY ice, 100% MY ice
and total ice concentration Cpy. The value of Cp4 can be ob-
tained using the brightness temperatures in 89.0 GHz band ob-
served by AMSR-E, based on ASI algorithm (Spreen et al., 2008).
The task of NASA TEAM algorithm is to retrieve both FY and MY
ice concentrations, so it does not need to calculate the total ice
concentration Cyy-

In Eq. (10), PR’ is derived from the 6.9 GHz brightness tem-
peratures observed by AMSR-E, rather than the 18.7 GHz, al-
though 18.7 GHz is close to 19.4 GHz of SSM/1. So Eq. (10) differs
from Eq. (6) in NASA TEAM algorithm. The AMSR-E 6.9 GHz
brightness temperatures are more valuable because they are
more sensitive to the physical temperature of ice surface layer;
especially in 6.9 GHz vertically channel (Comiso et al., 2003). Be-
sides, 6.9 GHz brightness temperature data have best correlation
with surface broadband albedo among the 6.9, 18.7, and 36.5
GHz data (Laine et al., 2011; Laine et al., 2014). The first two
weather filters in Spreen et al. (2008) are used, which are used to
filter the spurious sea ice generated by clouds and water vapor.
And the third filer, the Bootstrap algorithm, used in Spreen et al.
(2008) will be replaced by NASA TEAM algorithms. That means
when the MY ice concentrations of the NASA TEAM algorithm
equals to zero, the MY ice concentrations in this study are set to
Zero.

6 Results

It is difficult to validate the MY ice concentration derived
from satellite data. Also it is difficult to estimate the errors in the
retrieval of MY ice, because there are no enough in situ data with
spatially-extensive distribution for comparing with satellite data

HAO Guanghua et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 9, P. 102-109

(Comiso, 2012). In order to compare and asses the four al-
gorithms, the reference MY ice concentration is defined in Sec-
tion 4. In this study, the weekly sea ice age data provided by Uni-
versity of Colorado will be used for comparison.

6.1 Compare with the reference MY ice concentration

The MY ice concentrations derived from the algorithm of this
study and the aforementioned three algorithms are compared
with reference MY ice concentration. Figures 3a and b show the
MY ice concentrations derived from algorithm of this study for
March 6, 2007 and September 18, 2007, respectively. Compared
Fig. 3 with Fig. 2, it is found that the MY ice concentration of this
study are closer to the reference than other three algorithms.
Also, the MY SIAs of this study are closer to the reference.

Figure 4 shows a comparison of MY SIAs based on the 15%
threshold from this study with those from Wang’s, Lomax’s,
NASA TEAM algorithms, and reference MY SIAs in 2006 and
2007. Here MY SIAs can be calculated from MY ice concentration
retrieved using various algorithms; the reference MY SIA can be
calculated from reference MY ice concentration. The MY SIAs
during January to March 2007 should be compared with the ref-
erence MY SIA in 2006. The MY SIAs during September to
December 2007 should be compared with the reference MY SIA
in 2007. Compared with the reference MY SIA in 2006, the mean
differences of MY SIAs from Wang’s, Lomax’s, NASA TEAM and
algorithm of this study during January to March 2007 are
2.49x106, 2.40x106, -1.58x10%, -0.65x106 km?, and the root mean
square (rms) differences are 2.60x10°, 2.51x10%, 1.59x106,
0.69x106 km? respectively. Compared with the reference MY SIA
in 2007, the mean differences of MY SIAs of Wang’s, Lomax’s,
NASA TEAM and algorithm of this study during September to
December 2007 are 0.34x108, 0.31x108, -0.93x1086, -0.06x10¢ km?2
and the rms difference are 1.24x106, 1.26x106, 0.94x108, 0.14x10°
km?, respectively. Obviously, the MY SIA calculated using al-
gorithm of this study is closest to the reference. During June to
August 2007, the MY SIAs from all the algorithms keep the same
change trend: decreased at first and then increased as shown in
Fig. 4. During summer, it is difficult to retrieve MY ice concentra-
tion as the reasons mentioned in Section 4. So in this study we do
not compare and assess the MY ice concentration and SIA in the
period from June to August, 2007, retrieved by using different al-
gorithms.

6.2 Comparison with the weekly sea ice age data
It is difficult to obtain in situ observations of MY ice in whole

Fig. 3. MY sea ice concentration retreived using algorithm of this study on March 6, 2007 (a) and September 18, 2007 (b).
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Fig. 4. Comparison of MY SIAs derived from algorithm of this study with those derived from Wang’s, Lomax’s and NASA TEAM
algorithms. The red curve denotes the MY SIA derived from algorithm of this study, blue curve denotes the MY SIA from Wang, pink
curve denotes the MY SIA from NASA Team, green curve denotes the MY SIA from Lomax, dot-dashed line denotes the reference

MY SIA in 2006, solid line denotes the MY SIA in 2007.

Arctic sea in the aforementioned comparison. The basic condi-
tion of Arctic MY ice can be obtained by comparing with the ref-
erence MY ice concentration and SIA above. In order to further
evaluate the performance of the different algorithms, the weekly
sea ice age data provided by University of Colorado were also
chosen to assess the retrieval MY ice. The ice age data were es-
timated by treating each grid cell that contains ice as an inde-
pendent Lagrangian particle, and then transporting the particle
at weekly time steps by using the resulting gridded drift fields
(Maslanik et al., 2011). After the melt season, ice remain in the
grid that survives summer melt is considered to have aged for
one year, or an additional year for the MY ice. The further details
are provided in Fowler et al. (2003). By combine the satellite re-
mote sensing data with the gridded drift fields, it is possible to
observe the formation, movement, persistence, and disappear-
ance of sea ice (Maslanik et al., 2011). And the ice age data can
reflect the transform process between the MY ice and seasonal
ice, thus can ensure the accuracy of the ice age data. The sea ice

age data has well compared and be used to analysis the change of
the Arctic sea ice (Maslanik et al., 2007; Maslanik et al., 2011).

With the weekly sea ice age datawe can distinguish MY ice
from FY ice in each grid. Figures 5a-d show the spatial distribu-
tion of the difference between the MY ice cover derived from
weekly sea ice age data in 10th week (March 5-11, 2007) and
those derived from Wang’s, Lomax’s, NASA TEAM, and al-
gorithm of this study on March 6, 2007.

In Fig. 5, red color denotes that this place is covered by MY ice
according to Wang’s algorithm (Fig. 5a), Lomax’s algorithm (Fig.
5b), NASA TEAM algorithm (Fig. 5¢), and the algorithm of this
study (Fig. 5d), but not covered by MY ice derived from sea ice
age data. Besides, blue color denotes that this place is not
covered by MY ice derived from Wang’s algorithm (Fig. 5a), Lo-
max’s algorithm (Fig. 5b), NASA TEAM algorithm (Fig. 5¢), and
the algorithm of this study (Fig. 5d), but covered by MY ice de-
rived from sea ice age data.

Fig. 5. The spatial distribution of difference between the MY ice covered grids derived from weekly sea ice age data and those
derived from Wang’s, Lomax’s, NASA TEAM, and algorithms of this study. The red color denotes that this place is covered by MY ice
according to Wang's algorithm, Lomax’s algorithm, NASA TEAM algorithm and the algorithm of this study, but not covered by MY
ice derived from sea ice age data.The blue color denotes that this place is not covered by MY ice derived from Wang's algorithm,
Lomax’s algorithm, NASA TEAM algorithm and the algorithm of this study, but covered by MY ice derived from sea ice age data.
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Figures 5e-h show the spatial distribution of the difference
between the MY ice cover derived from weekly sea ice age data in
38th week (September 17-23, 2007) and those derived from
Wang's (Fig. 5e), Lomax’s (Fig. 5f), NASA TEAM (Fig. 5g), and al-
gorithms of this study (Fig. 5h) on September 18, 2007. The red
and blue colors have the same significance as introduced before.
Note that 10 th week and 38 th week of 2007 were corresponding
to the periods of maxmium and minium MY SIE.

Figures 5a-d confirm that in March MY ice covers derived
from Wang’s and Lomax’s algorithms are obviously larger than
those derived from ice age data, MY ice covers of NASA TEAM al-
gorithm and the algorithm of this study are close to those derived
from ice age data. This keeps in agreement with the result of Sec-
tion 6.1. In Fig. 5, white color in the central Arctic denotes that
MY ice covers derived from different algorithm reach at an agree-
ment with the sea ice age data. Figures 5e-h confirm that in
September, MY ice covers derived from the four algorithms are
very close to those derived from the ice age data. However, in
central Arctic, both NASA TEAM algorithm and algorithm of this
study derive more MY ice covers than ice age data. In order to
quantitatively assess these algorithms, the weekly MY SIEs are
calculated using the four algorithms and ice age data. Since the

weekly sea ice age data can only distinguish MY ice from FY ice,
MY SIE rather than MY SIA could be calculated from these data.
As the sea ice age data are EASE-Grid projection with spatial res-
olution of 12.5 kmx12.5 km, they will be linearly interpolated in-
to the 6.25 kmx6.25 km polar stereographic projection grids for
comparison. The shift of grids may introduce some errors with an
amount of about 0.064x10¢ km.

MY SIE can be derived from sea ice age data. Figure 6 shows
comparison of MY SIEs derived from ice age data based on 15%
threshold with those derived four algorithms. MY SIEs derived
from Wang's and Lomax’s algorithms show obvious increases
during winter and spring, while those derived from NASA TEAM
and algorithm of this study are relatively stable and close to the
MY SIE from ice age data. Compared with the MY SIE derived
from sea ice age data in 2007 (except the 23 th week to 35 th
week), the mean differences of MY SIEs of Wang’s, Lomax’s,
NASA TEAM and algorithm of this study are 3.09x106, 2.85x105,
1.04x108, 0.69x10% km and the rms differences are 3.67x106,
3.50x10%, 1.16x106, 0.84x106 km?, respectively. Obviously, the MY
SIE calculated using algorithm of this study is closest to that from
the sea ice age data.

Fig. 6. Comprison of MY SIEs derived from ice age data with those derived the four algorithms.

7 Conclusions

The Arctic MY sea ice concentrations are controlled by many
factors. The Arctic sea ice covers derived from three algorithms
(Wang’s algorithm and Lomax’s algorithm, NASA TEAM al-
gorithm) were compared with the reference MY ice and the sea
ice age data were compared and investigated. Based on the NASA
TEAM algorithm, a developed algorithm on MY sea ice concen-
tration is proposed in this study. The main conclusions are as fol-
lows:

(1) Compared with the reference MY ice concentration, the
sea ice covers of Wang’s algorithm and Lomax’s algorithm are
larger in winter and spring. While the sea ice cover from NASA
TEAM algorithm is close to the reference MY ice. The total SIAs
derived from all the three algorithms are very close to each other.
The MY SIAs derived from Wang’s and Lomax’s algorithms ex-
hibit obvious seasonal fluctuations and too large departure in
winter and spring from reference. The MY SIA of NASA TEAM al-
gorithm is stable and close to the reference.

(2) The NASA TEAM sea ice concentration algorithm is estab-
lished based on the brightness temperature data observed by
DMSP SSM/I in 19.4 GHz and 37.0 GHz bands. The AMSR-E ra-
diometer onboard EOS-PM (Aqua) satellite has 6.9 GHz, 18.7
GHz, 36.5 GHz and 89.0 GHz bands, By adding sea ice concentra-

tion by ASI algorithm and the 6.9 GHz brightness temperature
with best sensibility to sea ice properties, a developed algorithm
to retrieve MY sea ice concentration is proposed based on the
NASA TEAM algorithm. MY sea ice spatial distribution derived
from algorithm of this study are close to that of the reference MY
ice, and the corresponding MY sea ice concentrations are closest
to reference MY ice concentrations in the Arctic Sea. Comparis-
ons with the reference MY SIA derived from reference MY ice
concentration and the SIE derived from weekly sea ice age data
confirmed that, the proposed algorithm of this study has smaller
difference and rms difference than other three algorithms.

At present, the MY SIAs during June—-August obtained from all
of the four algorithms are lower than the reference, which means
MY ice concentration retrieval is not reliable in summer season.
In summer melt season, the melting changes the properties of
the ice, the passive microwave data are difficult to discriminate
the FY and MY ice, so the aforementioned algorithm do not work.
It should be investigated in the future as an unsolved problem,
such as combing with the ice drift data.
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