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Abstract

Sea ice concentration is an important parameter for polar sea ice monitoring. Based on 89 GHz AMSR-E
(Advanced Microwave Scanning Radiometer for Earth Observing System) data, a gridded high-resolution passive
microwave sea ice concentration product can be obtained using the ASI (the Arctic Radiation And Turbulence
Interaction Study (ARTIST) Sea Ice) retrieval algorithm. Instead of using fixed-point values, we developed ASI
algorithm based on daily changed tie points, called as the dynamic tie point ASI algorithm in this study. Here the
tie points are expressed as the brightness temperature polarization difference of open water and 100% sea ice. In
2010, the yearly-averaged tie points of open water and sea ice in Arctic are estimated to be 50.8 K and 7.8 K,
respectively. It is confirmed that the sea ice concentrations retrieved by the dynamic tie point ASI algorithm can
increase (decrease) the sea ice concentrations in low-value (high-value) areas. This improved the sea ice
concentrations by present retrieval algorithm from microwave data to some extent. Comparing with the products
using fixed tie points, the sea ice concentrations retrieved from AMSR-E data by using the dynamic tie point ASI
algorithm are closer to those obtained from MODIS (Moderate-resolution Imaging Spectroradiometer) data. In 40
selected cloud-free sample regions, 95% of our results have smaller mean differences and 75% of our results have

lower root mean square (RMS) differences compare with those by the fixed tie points.
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1 Introduction

Arctic sea ice is an indicator and amplifier of polar climate
change (Rind et al., 1995; de Vernal et al., 2013). The steady de-
cline of Arctic sea ice has important impacts on both the regional
and global climate system through complex feedback processes
(Vavrus and Harrison, 2003; Serreze et al., 2003; Liu et al., 2004,
Bi et al., 2014). Sea ice concentration, percentage of the area oc-
cupied by sea ice, is the most extensively used parameter reflect-
ing the spatial distribution of ice and can be used to calculate the
sea ice extent and sea ice area. Therefore, the accuracy of sea ice
concentration retrieved from satellite observations is very im-
portant.

Microwave remote sensing data of sea ice are an important
source of information on sea ice distribution. Compared with
other satellite data, microwave remote sensing data are not lim-
ited by the polar night and less hampered by clouds. Sea ice con-
centration derived from passive microwave remote sensing data
have a better temporal and spatial continuity.

A series of algorithms have been developed to retrieve the ice
concentration from passive microwave data. Among the present
most commonly used algorithms, the NASA-Team (NT) al-
gorithm (Cavalieri et al., 1984), the Bootstrap (BT) algorithm
(Comiso, 1995) and the dual-polarized ratio algorithm (Zhang et
al.,, 2013) are based on data from the low-frequency bands (19
GHz and 37 GHz), which produce relatively low-resolution ice

concentration data (25 km x25 km). The NASA-Team and Boot-
strap sea ice concentration algorithms are the widespread used
algorithms (Meier, 2005; Spreen et al., 2008). The NASA-Team2
(NT2) Algorithm (Markus and Cavalieri, 2000) just used the 85
GHz data to mitigate effects due to scattering from snow, but its
spatial resolution is still determined by the 19 GHz data. The SEA
LION algorithm (Kern, 2001; Kern and Heygster, 2001; Kern et al.,
2003) and the ASI (the Arctic Radiation and Turbulence Interac-
tion Study (ARTIST) Sea Ice) algorithm (Kaleschke et al., 2001) all
include the SSM/I (Special Sensor Microwave/Imager) 85GHz
band data and thus are able to provide ice concentration data
with a spatial resolution of 12.5 km (Emery et al., 1994). AMSR-E
(advanced microwave scanning radiometer-earth observing sys-
tem) data based on the ASI algorithm can provide a 6.25 km res-
olution sea ice concentration product (Spreen et al., 2008). There
are currently a variety of sea ice concentration products that cor-
respond to these algorithms (Table 1). But most of the al-
gorithms used by the products are based on low-frequency data,
which limit the spatial resolution. Using the 89 GHz frequency
data from AMSR-E permits to retrieve the sea ice concentration
at 6.25 km grid resolution by ASI algorithm (Spreen et al., 2008).
The sea ice concentration products retrieved from satellite
data require sufficient validation and comparison with an inde-
pendent and reliable source. Higher resolution visible light re-
mote sensing data are important means in comparing with the
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Table 1. The data source, algorithm and the spatial resolution for the main sea ice concentration products

Algorithm Data source Spatial resolution
NASA Team (NT) Nimbus-7 SMMR; DMSP SSM/I-SSMIS 25 kmx25 km
NASA Team2 (NT2) AMSR-E 12.5 kmx12.5 km
Bootstrap (BT) Nimbus-7 SMMR; DMSP SSM/I-SSMIS 25 kmx25 km
Bootstrap (BT) AMSR-E 12.5 kmx12.5 km

ASI AMSR-E 6.25 kmx6.25 km
ASI SSMIS 6.25 kmx6.25 km

microwave sea ice concentration products. However, the applic-
ations of visible light remote sensing data are restricted because
of the impact of clouds and polar night. The data in the visible
light frequency with clear sky conditions are selected for compar-
ison. Emery et al. (1994) assessed the SSM/I ice concentrations
by using the ice concentration data retrieved from 17 selected
AVHRR (Advanced Very High Resolution Radiometer) images us-
ing the threshold method. Meier (2005) compared the SSM/I-de-
rived sea ice concentration estimates using four common al-
gorithms (Bootstrap (BT), Cal/Val (CV), NASA Team (NT), and
NASA Team 2 (NT2)) using ice concentrations obtained from
AVHRR images (17 in winter and 31 in summer) via the threshold
method. Cavalieri et al. (2006) used 4 cloud-free ETM+ (En-
hanced Thematic Mapper Plus) images to compare with the AM-
SR-E retrieval sea ice concentration products. They suggested
that a way to improve the accuracy of AMSR-E ice concentration
estimates was to constantly adjust the algorithm tie points. Han
and Lee (2007) selected 68 MODIS (Moderate-resolution Ima-
ging Spectroradiometer) cloud-free images in the Antarctic and
used ice classification methods to compare with the AMSR-E sea
ice concentrations. Cavalieri et al.(2010) also assessed AMSR-E
retrieval products in the Antarctic using 10 MODIS cloud-free
images and noted that the ice edge zone was the main source re-
gion of errors. Wiebe et al. (2009) used Landsat data to compare
with AMSR-E sea ice concentration products and found that us-
ing fixed tie points for open water (P,=47.0 K) and sea ice
(P,=11.7 K) led to most new ice being classified as open water in
the ice edge zone. They also found that, compared with the sea
ice concentrations retrieved from the SAR (Synthetic Aperture
Radar) data, the ASI algorithm underestimates the sea ice con-
centration at the ice edge and overestimates it in the inner re-
gion. Comiso and Kwok (1996) also noted that the microwave al-
gorithm tended to underestimate ice concentrations due to the
impact of melt ponds in the summer.

The AMSR-E sea ice dataset, which characterizes sea ice more
accurately and with a higher resolution, is an important source of
data (Comiso et al., 2003). For ASI algorithm, the polarization dif-
ference (vertical minus horizontal) of 89 GHz brightness temper-
ature for open water and 100% sea ice are the two important tie
points to retrieve sea ice concentrations. The ASI algorithm
which was applied to AMSR-E data (Spreen et al., 2008) mainly
used fixed tie points to derive the sea ice concentration all year
round. Referring to Eastwood et al. (2011)’s work, this study will
develop an improved daily changing tie points ASI algorithm,
called as the dynamic tie point ASI algorithm. To demonstrate
the advantage of the algorithm, a comparison of the sea ice con-
centrations retrieved by this improved algorithm with those from
the fixed tie points will be given. For further comparison, 40
MODIS images that cover most of the Arctic marginal seas were
selected to calculate sea ice concentration with 500-m resolution
by tie point algorithm (Steffen and Schweiger, 1991).

In this paper, we will first describe AMSR-E data used to re-

trieve ice concentrations and the MODIS data used for comparis-
on in Section 2. After that, a developed ASI algorithm is proposed
and the impact of clouds on the tie points is presented in Section
3. The subsequent comparison is presented in Section 4. Finally,
a brief summary and discussion will be provided.

2 Data set

The ASI algorithm computes sea ice concentration from the
polarization difference of 89 GHz brightness temperature
(Spreen et al., 2008). Additionally, for application of the weather
filters, AMSR-E data from 18.7 GHz, 23.8 GHz and 36.5 GHz ver-
tical channels are required (Spreen et al., 2008). The gridded
brightness temperature data in polar stereographic projection,
provided by NSIDC (National Snow and Ice Data Center), are
used. AMSR-E is a microwave radiometer on board the AQUA
satellite platform (the same as MODIS). The 89 GHz band data
are at 6.25 km spatial resolution. The brightness temperature
data from 18.7 GHz, 23.8 GHz and 36.5 GHz vertical channels are
at 12.5 km spatial resolution, which will be linearly interpolated
onto the 6.25 kmx6.25 km grids to fit the 89 GHz data used for
weather filters.

For comparison, the data from MODIS are used. The MODIS
sensor provides images of 36 separate spectral bands, ranging in
wavelength from 0.4 pm to 14.5 pm. The nadir spatial resolutions
are 250 m, 500 m and 1 km, and the swath width is 2 330 km.
Here, the MODIS L1B data of Band 1 (0.620-0.670 pm), Band 3
(0.459-0.479 pm) and Band 4 (0.545-0.565 pm) at 500-m spatial
resolution were used to obtain sea ice concentrations to assess
our results. Meanwhile, in order to compare the sea ice concen-
tration derived from the ASI algorithm based on dynamic tie
points (see Section 3) with those based on fixed tie points, we use
ASI algorithm sea ice concentration data provided by the Uni-
versity of Bremen within Polarview (Spreen et al., 2008) with the
spatial resolution of 6.25 kmx6.25 km. The blind zone for the Bre-
men sea ice concentration is about 88°N, which is different from
the NSIDC brightness temperature, which is about 89.24°N.

3 The ASI algorithm based on dynamic tie points

The ASI algorithm was first proposed by Svendsen et al.
(1987) and subsequently improved by Kaleschke et al. (2001) for
85 GHz SSM/I data. This algorithm has adopted to use 89 GHz
AMSR-E data, as described by Spreen et al., (2008). Unlike other
algorithms using near 85 GHz band data, it does not need addi-
tional input data (Kern, 2004). The sea ice concentration C is es-
timated as a function of 89 GHz brightness temperature polariza-
tion difference in form of a third-order polynomial, as shown in
Eq. (1):

C = dsP® + dP? + diP + dy, (€]

where P is the polarization difference defined as the brightness
temperature difference between 89.0 GHz vertically and hori-
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zontally polarized channels, and d;, d,, d,and d, are the coeffi-
cients of the retrieval equation. The coefficients d,, d,, d, and d,,
are determined by P, and P,, the details of which appear in
Spreen et al. (2008)’s Eq. (11). P, and P, are the polarization dif-
ference for open water and 100% sea ice tie points, respectively.

3.1 Thedifference between this algorithm and previous algorithms

The tie points Py=47 K, P,=11.7 K used in the ASI algorithm
have been chosen based on AMSR-E data (Spreen, 2004; Spreen
et al.,, 2008). Su et al. (2013) obtained the sea ice and open water
tie points in the selected fixed regions which were treated as the
open water and sea ice to compute the spatial average value all
year round. This gave the tie point value a clear physical mean-
ing, but still did not reflect changes of tie points with time. Addi-
tionally, the selected sea ice region is near the Canadian ar-
chipelago, which is commonly covered by multi-year ice. There-
fore, the statistical value obtained by Su et al. (2013) did not take
into account the influence of first-year ice. In fact, both Spreen et
al. (2008) and Su et al. (2013) showed that P, and P, have season-
al variations; therefore, dynamic tie points should be more reas-
onable to be used for sea ice concentration retrieval.

Eastwood et al. (2011) determined the sea ice and open water
tie points for the 18 GHz and 37 GHz channels NASA TEAM al-
gorithm products, together with the SSM/I and SMMR (Scanning
Multichannel Microware Radiometer) data and produced a dy-
namic tie points sea ice concentration retrieval algorithm suit-
able for SSM/I and SMMR data. It is obvious that the choice of tie
points depends on the accuracy of the NASA TEAM algorithm
products.

The dynamic tie point algorithm on sea ice concentration re-
trieval proposed here does not need additional ice concentration
products.

Firstly, according to the statistical analysis of AMSR-E data
during 2003-2006 by Spreen et al. (2008), we chose the floor 40.0
and 7.7 K as the initial values for P; and P,, respectively, for the
daily preliminary sea ice concentrations. Secondly, without any
weather filters, we computed the new daily P, and P, averaged
within the selected open water and sea ice regions (see Fig. 1).
Sea ice concentrations of 0% and greater than 95% according to

180°

the daily preliminary sea ice concentrations are selected, shown
as the regions outlined with blue and cyan lines, respectively. We
use 95% to ensure there are enough ice points to calculate the sea
ice tie point. And the daily spatial averages of the P are treated as
the open water and sea ice tie points to derive the sea ice concen-
tration again. This step ensures that the influence of clouds on
the calculation of open water values is minimized by filtering the
spurious ice induced by cloud. Finally, we use the new tie points
resulting from the second step to calculate sea ice concentra-
tions and apply the first two weather filters (Gloersen and Cava-
lieri, 1986; Cavalieri et al., 1995) mentioned in Spreen et al. (2008)
to filter out spurious ice. The whole process is shown in Fig. 2. To
determine the open water tie point, a ratio of the vertical polariz-
ation channel brightness temperatures of 18.7 GHz and 36.5 GHz
is introduced as a criterion (Zhang, 2012).

3.2 The influence of clouds on the calculation of tie points

The AMSR-E 89 GHz data are sensitive to cloud liquid water,
water vapor and cyclones of weather systems, particularly in the
open water region. Therefore, the existence of clouds will change
the polarization differences of sea water, making the open water
tie point value smaller, and lead to more spurious sea ice during
the retrieval process. So this spurious response should be re-
moved in the statistics of the open water tie point. Three weather
filters are introduced by Spreen et al. (2008), the first two use the
gradient ratios GR(36,18) and GR(23,18) with GR(X,Y)=[TB(X,v)-
TB(Y,v)]/[TB(X,v)+TB(Y,v)], which can be used to filter the spuri-
ous sea ice generated by clouds and water vapor. In the first step
of calculation of sea ice concentrations, we did not use the above
two filters. By comparing the sea ice concentrations after using
the above two filters, we can find which grid has spurious ice due
to influence of clouds. Thus the grid points affected by the clouds
will not be included in the calculation of the open water tie point
by using the second step results, which will minimize the influ-
ence of clouds. Figure 3 shows the effect of clouds on the calcula-
tion of open water tie point. Before the influence of clouds is
filtered, the open water tie point has a relatively small yearly-av-
erage value (38.5 K) and larger variation (5.1 K), along with a sig-
nificant decrease in summer. After the clouds are filtered, the

180°

40

50 60 70 80 90 100

Sea ice concentration/%

Fig. 1. Regions of the tie point calculation. The sea ice concentrations retrieved in the first step are shown in shading area, the selec-

ted regions for calculating sea ice and open water tie points are outlined with dark (within 85°-89.24°N) blue circle and cyan loop
(within 53°-75°N), respectively (a. without weather filter; and b. with the weather filter).
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open water point has a larger yearly-average value (50.8 K) and
smaller variation (2.1 K). The open water tie point has a yearly-
averaged value of 38.5 K and 50.8 K before and after filtering the
influence of cloud, respectively. The newly-obtained open water
point value P, becomes larger because of the filtering the influ-
ence of clouds and water vapor.

P=40.0K, P=17K

ASI

daily preliminary sea ice
concentrations (C)

if C=0% if C=95%

spatial average
outlined with cyan
lines in Fig. 1

new daily P

spatial average
outlined with blue
lines in Fig. 1

new daily P,

new coefficients d of the
retrieval equation

new daily sea ice
concentrations

weather filters

the final daily sea ice
concentrations

Fig. 2. Flowchart of dynamic tie points sea ice concentra-
tion retrieval algorithm.

60 T T T T T

Polarization difference/K

0 50 100 150 200 250 300 350
Time/d

Fig. 3. Comparison of the daily open water tie points be-
fore (red) and after (blue) the influence of clouds is filtered
for the year 2010 (thin line: daily open water tie points;
bold line: 30-d running mean tie points; dashed line: the
yearly-averaged tie point).

3.3 Sea ice concentration based on the dynamic tie points

By filtering out the influence of clouds, this study produces a
dynamic tie points algorithm and obtains the daily tie points by
using the data from the year 2010. After obtaining the daily tie
points P and P,, we produce the daily retrieval equation, whose
coefficients are determined by the tie points. The open water
daily tie points are shown in Fig. 3 and the newly-obtained sea ice
tie points are shown in Fig. 4. P, is still affected by clouds in the
summer, but the effect is smaller compared with that before. P,
changes little and significantly decreased during the summer,
mainly due to the melting of first-year ice in the statistical region
circled in Fig. 1 in the summer because the melt ponds de-
veloped faster on first-year ice than on multi-year ice (Istomina
et al., 2014), making the reduction of first-year ice more obvious.
Additionally, the polarization difference for the first-year ice is
larger than that of multi-year ice, which makes the obtained sea
ice tie points smaller in summer. The yearly-averaged P, and P,
values are 50.8 K and 7.8 K, respectively. Figure 5 compares the
results of this study using dynamic tie points, the concentration
field of using fixed tie points (Spreen et al., 2008) and the differ-
ence between them. The concentration of the former is less than
sea ice concentration using fixed tie points in the high-concen-
tration region. The difference mainly occurs in the marginal re-
gions and the inner high-concentration region.

4 Comparison using MODIS data

In previous studies, higher resolution remote sensing data,
such as MODIS and AVHRR, were used to compare with the sea
ice concentrations obtained from passive microwave remote
sensing data. For example, Wiebe et al. (2009) and Ye et al. (2011)
obtained the sea ice concentrations from visible light remote
sensing data by using a threshold method that counted ice pro-
portions in the corresponding grids based on the ice-water dis-
crimination. While in this paper, the ice concentration retrieved
by tie point algorithm from MODIS data (Steffen and Schweiger,
1991, Cavalieri et al., 2010) are used to compare those obtained
from the AMSR-E data algorithm. The details will be explained in
Section 4.2.

4.1 The selected regions used for comparison

Current microwave algorithms tend to underestimate the ice
concentration in summer due to the impact of melt ponds (Com-
iso and Kwok, 1996). The estimation errors are mainly found in
the ice edge zone (Cavalieri et al., 2010). Thus, it is necessary to
compare the sea ice concentrations from microwave remote

Polarization difference/K

0 50 100 150 200 250 300 350
Time/d

Fig. 4. Daily sea ice tie points of 2010 (illustration is the
same as Fig. 3).
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Fig. 5. The Arctic sea ice concentration distributions and differences of the products using fixed tie points and those obtained by
dynamic tie points in this study on September 1, 2010 (a. sea ice concentrations obtained by dynamic tie points in this study; b.

products by fixed tie points; and c. difference between them.

sensing data, especially in the ice marginal zone, to ensure the
reliability of the results. The 12 samples used by Su et al. (2013)
for comparison are mainly concentrated in the Bering Sea. Emery
et al. (1994) selected 17 AVHRR images mainly located in the
Chukchi Sea, and Cavalieri et al. (2006) used 4 cloud-free ETM+
images mainly located in the Bering Sea and the Chukchi Sea to
compare with the AMSR-E retrieved products. Here, 40 cloud-
free MODIS albedo data (from 21 February to 30 June 2010) are
selected to compare with the retrieval results of AMSR-E. It is dif-
ficult to select the same size as MODIS sample data because of
the impact of clouds. As shown in Fig. 6, the data used for com-
parison have a longer time range from the freezing to the melting
of the ice and wider spatial coverage cover most of the Arctic
marginal seas in this study, thus ensuring the comprehensive-
ness of the comparison.

4.2 MODIS sea ice concentration
MODIS Level 1B planetary reflectance (MYD02HKM) was ob-

Fig. 6. The locations of the selected MODIS images, the
red, green and blue frames are for the locations of samples
with numbers of 14, 15 and 34, respectively. Date of the
sample is given in Table 2.

tained for each of the Bands 1, 3 and 4. A sun-angle correction
was applied by dividing the reflectance by the cosine of the sun
angle from the MODIS geolocation product (MYDO03). And the
broadband (0.46-0.67 pm) top-of-the-atmosphere (TOA) albedo
was derived from the swath TOA MODIS sun-angle-corrected
planetary reflectance in the red (B1), green (B4), and blue (B3)
bands using the weights: B1x0.326 5 +B4x0.236 6 +B3x0.436 4 (Li-
ang et al., 1998). Then the broadband TOA albedos were used to
calculate MODIS sea ice concentration (Cavalieri et al., 2010)
based on the method described in Su et al. (2013). The broad-
band TOA albedo tie point method is a commonly used method
to determine ice or water based on MODIS. In the first step, the
sea ice threshold (4;) and the open water threshold (4,,) are ob-
tained from the broadband TOA albedo data according to Cava-
lieri et al. (2010). Using the A, the ice and water can be discrim-
inated, and for the ice points, the sea ice threshold (4,) can be ob-
tained by probability statistics, such as a histogram. The A, we
used here is 0.1 for all samples. For different ice thickness and ice
type, we use different A; determined by probability statistics.
Based on the sea ice threshold (4,) and the ice water threshold
(A,,), the MODIS 500-m resolution sea ice concentrations can be
derived using the traditional tie point algorithm (Steffen and Sch-
weiger, 1991) and broadband TOA albedo data. At last, these res-
ults are projected onto the AMSR-E grid.

Figure 7 shows three examples (Samples 14, 15 and 34) of the
40 samples on April 2, April 3 and May 29, 2010, respectively.
They represent (1) the regions with high-concentration ice and
narrow leads; (2) the region mixed with high-concentration ice,
relatively high concentration and larger leads near ice edges; (3)
region of ice edge with lager areas of open water. The locations of
these three images are shown in Fig. 6 by the red, green and blue
frames. Figure 7 shows MODIS broadband TOA albedo images
and sea ice concentration from MODIS data, which suggests that
MODIS retrieval algorithm used in this study can clearly portray
the actual situation of the Arctic sea ice, especially in sea ice edge
region, thus guaranteeing the quality of the data used for com-
parison.

Figure 8 illustrates the advances in the retrieval results of this
study. It shows the sea ice concentrations retrieved using dynam-
ic ASI algorithm with daily changed tie points (red line) and the
original ASI algorithm with fixed tie points (black line, Pj=47.0 K
and P,=11.7 K) for different polarization difference values in
three dates (April 2, April 3, and May 29), respectively. The water



