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  Abstract       The dual-polarized ratio algorithm (DPR) for the retrieval of Arctic sea ice concentration from 
Advanced Microwave Scanning Radiometer-EOS (AMSR-E) data was improved using a contrast ratio (CR) 
parameter. In contrast to three other algorithms (Artist Sea Ice algorithm, ASI; NASA-Team 2 algorithm, 
NT2; and AMSR-E Bootstrap algorithm, ABA), this algorithm does not use a series of tie-points or a priori 
values of brightness temperature of sea-ice constituents, such as open water and 100% sea ice. Instead, it 
is based on a ratio (  ) of horizontally and vertically polarized sea ice emissivity at 36.5 GHz, which can 
be automatically determined by the CR.    exhibited a clear seasonal cycle: changing slowly during winter, 
rapidly at other times, and reaching a minimum during summer. The DPR was improved using a seasonal 
  . The systematic diff erences in the Arctic sea ice area over the complete AMSR-E period (2002–2011) 
were -0.8%±2.0% between the improved DPR and ASI; -1.3%±1.7% between the improved DPR and ABA; 
and -0.7%±1.9% between the improved DPR and NT2. The improved DPR and ASI (or ABA) had small 
seasonal diff erences. The seasonal diff erences between the improved DPR and NT2 decreased, except in 
summer. The improved DPR identifi ed extremely low ice concentration regions in the Pacifi c sector of 
the central Arctic (north of 83°N) around August 12, 2010, which was confi rmed by the Chinese National 
Arctic Research Expedition. A series of high-resolution MODIS images (250 m×250 m) of the Beaufort Sea 
during summer were used to assess the four algorithms. According to mean bias and standard deviations, the 
improved DPR algorithm performed equally well with the other three sea ice concentration algorithms. The 
improved DPR can provide reasonable sea ice concentration data, especially during summer. 

  Keyword :   Arctic sea ice; sea ice concentration; algorithm; time series; Advanced Microwave Scanning 
Radiometer-EOS (AMSR-E) 

 1 INTRODUCTION 

 Sea ice covers a signifi cant fraction (5% to 8%) of 
the oceans and is one of the most important parameters 
in the global climate system (Liu et al., 2004; Sumata 
et al., 2015; Nakamura et al., 2016). The results from 
microwave satellite observations have shown that the 
Arctic sea ice has been retreating at a higher rate 
during 1997–2014 than 1979–1997 (Hebert et al., 
2015; Serreze and Stroeve, 2015). The IPCC’s Fifth 
Assessment Report indicates that sea ice will vanish 
by September, 2100 (Stocker et al., 2013). Clearly, 
model results overestimate minimum sea ice extent 

because certain physical processes and parameters are 
not fully understood to accurately predict the state of 
the Arctic ice pack, such as sea ice concentration, sea 
ice temperature, and melt ponds (Webster et al., 
2015).  
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 Because the microwave signal is independent of 
daylight and less aff ected by clouds and weather 
conditions, microwave satellite observations have 
become useful tools for monitoring sea ice (Maa   and 
Kaleschke, 2010; Stroeve et al., 2016), for example, 
data from the Special Sensor Microwave/Imager 
(SSM/I, 1987–to present), the Advanced Microwave 
Scanning Radiometer-EOS (AMSR-E, 2002–2011), 
and the Advanced Microwave Scanning Radiometer 2 
(AMSR2, 2012–to present). AMSR-E is a twelve 
channel, six frequency total power passive microwave 
radiometer system. It measures polarized radiance 
vertically (V) and horizontally (H) at 6.925, 10.65, 
18.7, 23.8, 36.5, and 89.0 GHz. 

 Sea ice concentration is the principal quantitative 
sea ice parameter that is measured routinely from 
microwave satellite observation systems. Sea ice 
concentration derived from AMSR-E is calculated 
using the Artist Sea Ice algorithm (ASI) (Spreen et al., 
2008), the AMSR-E Bootstrap algorithm (ABA) 
(Comiso and Zwally, 1997; Comiso et al., 2003), and 
the NASA-Team 2 algorithm (NT2) (Markus and 
Cavalieri, 2000; Comiso et al., 2003). NT2 and ABA 
derive the sea ice concentration from the combination 
of the V18.7 and V36.5 GHz channels. The National 
Snow and Ice Data Center (NSIDC) provides sea ice 
concentration products from NT2 and ABA. The 
footprint sizes of the 18.7 GHz and 36.5 GHz channels 
are 16×27 km 2  and 8.2×14.4 km 2 , respectively. The 
diff erent resolution of the channel data causes 
considerable errors in the sea ice concentration 
products. ABA and NT2 require more accurate tie-
points to measure the sea ice concentration (Comiso 
and Zwally, 1997; Markus and Cavalieri, 2000; Zhang 

et al., 2013). ASI estimates sea ice concentration from 
the 89.0 GHz channels (footprint size: 3.5×5.9 km 2 ), 
and the corresponding sea ice concentration products 
are published by the University of Bremen. The 
spatial resolution of sea ice concentration derived 
using ASI is improved because of the footprint size. 
However, the 89.0 GHz information is more sensitive 
to atmospheric infl uence, which restricts ASI 
application (Andersen et al., 2007; Spreen et al., 
2008; Maa   and Kaleschke, 2010). In addition, ASI 
uses two priori fi xed coeffi  cients for open water and 
100% sea ice concentration (Spreen et al., 2008).   

 Zhang et al. (2013) developed a simple dual-
polarized ratio algorithm (DPR) to estimate sea ice 
concentration from AMSR-E using channels at 
36.5 GHz. The core parameter of DPR is the ratio (  ) 
of dual-polarized sea ice emissivity, which is assumed 
to be a constant value (  =0.92) in all years. We defi ned 
the original DPR as    equal to 0.92 in all years. 
Although the original DPR consistently provided the 
best agreement with MODIS ice concentration in 
winter, spring, and autumn, the original DPR results 
were substantially less than MODIS, NT2, and ABA 
during summer. The objectives of this study were: (1) 
to improve the original DPR algorithm by introducing 
a new technique, which we called the improved DPR; 
(2) to evaluate the improved DPR algorithm with ship 
observation and MODIS data; and (3) to compare the 
four Arctic sea ice concentration datasets (including 
the improved DPR, ASI, ABA, and NT2) from 
AMSR-E. 

 2 DATA AND METHOD 

 2.1 Dataset 

 We applied gridded sea ice products (including sea 
ice concentration and brightness temperatures) 
derived from AMSR-E (Table 1). The H and V 
36.5 GHz channels were used in the original (and 
improved) DPR to calculate the sea ice concentration. 
The V18.7 GHz, V23.8 GHz, and V36.5 GHz channels 
were used as weather fi lters to exclude high cloud 
liquid water and high water vapor cases. Sea ice 
concentration from ASI, ABA, and NT2 were 
primarily used to compare with the original (and 
improved) DPR. We also applied ship observations 
and MODIS images (Band 2, 841–876 nm) to provide 
independent references to validate the four diff erent 
algorithms.  

 The AMSR-E products were on a 12.5×12.5 km 2  
grid; the sea ice concentration from ASI and MODIS 

 Table 1 Gridded sea ice concentration and brightness 
temperature of AMSR-E 

 Parameter  Footprint size (km 2 )   Grid resolution (km 2 ) 

 TB (H and V POL.)     

 6.9 GHz  43×75   25.0×25.0  

 10.7 GHz  29×51   25.0×25.0  

 18.7 GHz  16×27   25.0×25.0, 12.5×12.5  

 23.8 GHz  18×32   25.0×25.0, 12.5×12.5  

 36.5 GHz  8.2×14.4  25.0×25.0, 12.5×12.5  

 89.0 GHz  3.5×5.9   25.0×25.0, 12.5×12.5, 6.25×6.25  

 Arctic sea ice conc.   

 NASA Team2 (NSIDC)  25.0×25.0, 12.5×12.5  

 ABA (NSIDC)  25.0×25.0, 12.5×12.5  

 ASI (University of Bremen)  6.25×6.25  
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was gridded to 12.5×12.5 km 2 ; and MODIS images 
were obtained on four days (July 22, 23, 24, and 28, 
2010) for sea ice changes in the Beaufort Sea. 

 2.2 Theory of the original DPR  

 Within the ice pack, the brightness temperature 
(TB) observed by AMSR-E comes from the sea ice 
surface, ice-free water, or a combination of both. 
According to the linear mixing formulation, TB from 
each gridded net is given by (Comiso et al., 2003)  

 TB= ε  I  T  I  C + ε  W  T  W (1– C ),  (1) 
 where  C  is ice concentration,  T  W  and  T  I  are the 
physical temperatures of open water and sea ice, and 
 ε  I  and  ε  W  are the microwave emissivity of sea ice and 
open water, respectively. 

 According to Eq.1, the brightness temperatures of 
the same frequency are given by 

 TB V = ε  I  V  T  I  C + ε  WV  T  W (1– C ),    (2a) 
 TB H = ε  I  H  T  I  C + ε  WH  T  W (1– C ).    (2b) 
 The sea ice concentration can be estimated from 

Eq.2:  
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 where   = ε  IH / ε  IV . In the original DPR, the dual-
polarized brightness temperatures of 36.5 GHz (H 

and V36.5 GHz) were used in Eq.3. Scatter plots 
using H and V36.5 GHz are shown in Fig.1 for 
January and September, 2010. In these plots, the 
cluster of data dots along line AD represent 100% sea 
ice concentration (Comiso et al., 2003). Therefore, for 
consolidated (100%) ice,    can be written as 

 IH IH I H

IV IV I V

TB
TB

T
T

 


 
   .   (4) 

 Equation 4 indicates that    is the slope of line AD. 
The cluster of data dots in Fig.1 also show that the    
(or the slope of line AD) is almost a constant. The 
original DPR algorithm uses 0.92 as the slope of line 
AD (or   =0.92) in all years (Zhang et al., 2013).  

 To remove, or greatly reduce, spurious ice 
concentration in open water areas, the original DPR 
employs three steps of weather fi ltering. First, the 
weather fi lter uses the gradient ratio of the V36.5 and 
V18.7 GHz channels, called GR (36.5/18.7), to cut off  
all spurious ice (Gloersen and Cavalieri, 1986; Spreen 
et al., 2008). The ice concentration for each GR 
(36.5/18.7) greater than 0.045 is set to zero. Second, 
the gradient ratio GR (23.8/18.7) is used to exclude 
high water vapor. When GR (23.8/18.7) is greater 
than 0.04, the ice concentration is set to zero. Third, 
all original DPR results with corresponding NT2 
equal to zero are set to zero.  

 Because open water inside the ice pack normally 
has a smooth surface,  ε  W  H  and  ε  W  V  can be determined 
by the emissivity of calm sea water (Svendsen et al., 
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 Fig.1 Scatter plots of the dual-polarized brightness temperature at 36.5 GHz derived from AMSR-E in January and 
September, 2010 
 The slope of line AD is 0.92. 
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1983; Mathew, 2007). The open water temperature  T  W  
inside the ice pack was chosen as the approximate 
freezing point. Then, the Arctic sea ice concentration 
can be retrieved using the original DPR. A series of 
regions, including the Bering Sea, Chukchi Sea, 
Barents Sea, and Beaufort Sea, where open water and 
sea ice were clearly identifi ed in the MODIS, were 
used to validate and estimate the original DPR 
algorithm (Zhang et al., 2013). The validation results 
indicate that the original DPR algorithm can measure 
reasonable Arctic sea ice concentrations during 
winter, spring, and autumn. However, the original 
DPR algorithm retrieved smaller Arctic sea ice 
concentrations during summer than ABA, NT2, or 
MODIS. Furthermore, Zhang et al. (2013) did not 
carry out an in-depth comparison with more traditional 

algorithms, such as, ABA, NT2, and ASI. The 
application and comparison of the original DPR 
algorithm is therefore an important aim of this paper. 

 2.3 Constant α ( α =0.92) 

 The sea ice area and extent are often taken as 
climate change indicators in long-term trend analyses 
and process studies (Zwally et al., 2002; Stroeve et 
al., 2005). We therefore calculated time series (from 
June 2002 to August 2011) of Arctic sea ice extent 
and area from the original DPR, ASI, ABA, and NT2. 
Figure 2 shows the sea ice extent (bottom) and area 
(top) time series diff erences (Note: the values are the 
diff erence between DPR and ASI, ABA, or NT2 
divide the DPR results.) smoothed with a 91-day 
running mean (thick blue, red, and black lines) and 
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 Fig.2 Time series of the diff erences in Arctic sea ice area (top) and extent (bottom) 
 The thick curves are the 91-day running means; and the thin curves are the 7-day running means.   =0.92 for the original DPR. 
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with a 7-day running mean (thin blue, red, and black 
lines). The 7-day smoothed curves indicate high 
variability on the scale of a few days, which is the 
typical time scale of weather systems representing 
rapidly changing atmospheric infl uence (Spreen et al., 
2008). The 91-day smoothed time series indicates a 
clear seasonal cycle. The diff erences between the four 
algorithms were small during winter, and the largest 
diff erences occurred in the summer each year. The 
diff erences varied rapidly during spring and autumn. 
The original DPR and NT2 had the smallest diff erences 
in sea ice extent and area. 

 To compare these four AMSR-E datasets, we used 
the mean bias and standard deviations (RMS). For the 
sea ice area: the original DPR minus ASI was 
-2.1%±3.3%, the original DPR minus ABA was 
-2.6%±3.1%, and the original DPR minus NT2 was 
-2.0%±2.3%. For sea ice extent, the diff erences 
between the original DPR and ASI, ABA, and NT2 
were -3.6%±2.7%, -3.0%±1.8%, and -1.0%±1.1%, 
respectively. The ± values are given for one standard 
deviation. These diff erences are summarized in Table 
2. In general, the original DPR results were slightly 
less than ASI, ABA, and NT2. 

 At present, we do not know which of the four 
algorithms best represents Arctic sea ice extent and 
area. The constant    in the original DPR is also 
questionable because the maximum diff erence 
between the original DPR and ASI, ABA, and NT2 
appeared in the summertime. Zhang et al. (2013) also 
pointed out that the original DPR results were 
substantially less than MODIS, NT2, or ABA during 
the summer. Therefore, for applications where not the 
best representation of the truth but minimal diff erences 
between original DPR and other algorithm is 
worthwhile. Because    is the core of the original 
DPR, we expect that using a seasonally changing    
will decrease the diff erences between the four 
algorithms, as will be discussed in Section 2.4.   

 2.4 Automatic adaption of  α  

 The ratio of the dual-polarized brightness 
temperature at 36.5 GHz was approximately constant 
for the 100% ice area during winter; however, its 
value decreased at the marginal ice zone (MIZ) or in 
low ice concentration areas (Comiso, 1995; Comiso 
et al., 2003; Zhang et al., 2013). Figure 3 shows the 
spatial distribution of the ratio on March 1, 2010. The 
ratio of dual-polarized brightness temperature 
changed from 0.73 to 0.92 in a narrow MIZ; however, 
the ratio changed from 0.92 to 0.96 in a large 100% 
sea ice area. Therefore, a threshold value should exist 
when the sea ice concentration is close to 1. Because 
the ratios of the dual-polarized brightness temperature 
were higher than the threshold value, the dual-
polarized brightness temperature should cluster along 
line AD (Fig.1). We developed a method to 
automatically adapt   , improving the DPR ice 
concentration, especially in summer.  

 The contrast ratio (CR) is a good parameter to 
ascertain the edge of two diff erent substances in 
remote images, such as, sea ice area, sea ice perimeter, 
and perennial ice extent (Zhao and Ren, 2000). The 
ratio of vertically to horizontally polarized brightness 
temperatures at 36.5 GHz is denoted as    (for 100% 

sea ice concentration, H IH I IH

V IV I IV

TB
TB

T C
T C

 
 

 
    ). 

First, we counted the grid numbers in the whole Arctic 
region (i.e.,   (  )) for each    from 0.600 to 0.970. 
Second, we calculated the diff erences in each    
between neighboring grids. If the absolute value of a 
diff erence was greater than a threshold value  P , we 
counted the grid numbers (i.e.,  δ (  )). The value of  P  
was set equal to 0.005. Next, CR was defi ned as 

   (  )= δ (  )/  (  ), 
     [0.600, 0.601, ⸳⸳⸳, 0.969, 0.970].           (5) 
 This computation process is demonstrated in Fig.4. 

The red grids represent the 100% sea ice regions and 
the blue grids represent combination regions of sea ice 
and open water. When  P =0.005 and   =0.922, the total 
count of grid numbers in the fi gure was 10 
(  (0.922)=10) and the diff erences between neighboring 
grids greater than 0.005 was 8 ( δ (0.922)=8). Therefore, 
the CR of 0.922 was 0.80 (  (0.922)=8/10=0.80).  

 Figure 5 shows CR and its    gradient over the 
whole Arctic region with diff erent values of  P . These 
two pictures indicate that the values of  P  only changed 
the shape of the contrast ratio, but the position of 
extreme values for gamma were not aff ected. We 
therefore used  P =0.005. CR clearly decreased when    

 Table 2 Mean bias and standard deviations (RMS) between 
the original DPR and ASI, ABA, and NT2 sea ice 
extent and area for the AMSR-E period of June 2, 
2002 to August 31, 2011 

 Diff erence 
 Sea ice area  Sea ice extent 

 Bias  RMS  Bias  RMS 

 Original DPR-ASI  -2.1  3.3  -3.6  2.7 

 Original DPR-ABA  -2.6  3.1  -3.0  1.8 

 Original DPR-NT2  -2.0  2.3  -1.0  1.1 

   =0.92 for the original DPR. 
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changed from 0.85 to 0.93 in Fig.5a. The gradient of 
CR had a minimum value when    equaled 0.92 in 
Fig.5b. In the spatial distribution of  γ  (Fig.3), it 
changed relatively little in the large Arctic region for 
the 100% ice concentration. Figure 1 also shows that 
the dual-polarized brightness temperature at 36.5 GHz 
clustered to line AD when  γ  was greater than 0.92. 
This indicates that the sea ice concentration was 
nearly 100%. Based on Eq.4, all features indicate that 
 γ  was equal to    when  γ  was greater than 0.92. 
Therefore, CR and its gradient can be adopted to 
determine    from the ratio of the dual-polarized 
brightness temperature at 36.5 GHz. 

 On the basis of CR and its gradient, the    adaptation 
was carried out from 2002 to 2011. Running mean 
curves (91-day) and monthly means of    for the 10 
year period are shown in Fig.6.    displayed a seasonal 
cycle with a period similar to the diff erence between 
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the original DPR, ASI, ABA, and NT2 for the sea ice 
extent and area (Fig.2). The highest    values occurred 
in winter, and their value changed slightly 
(approximately 0.92). However,    varied rapidly in 
the spring, summer, and autumn; and the smallest    
values also occurred in summer.   

 This method of    adaptation can be operationally 
implemented; therefore, it can be used in the improved 
DPR to obtain the Arctic sea ice concentration. When 
   represented seasonal values, the diff erences in the 
sea ice area between the improved DPR and ASI, 
ABA, and NT2 were -0.8%±2.0%, -1.3%±1.7%, and 
-1.0%±1.1%, respectively. These diff erences are 
summarized in Table 3. According to Tables 2 and 3, 
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 Table 3 Mean bias and standard deviations (RMS) between 
the improved DPR and ASI, ABA, and NT2 sea ice 
extent and area for the AMSR-E period from June 
2, 2002 to August 31, 2011 

 Diff erence 
 Sea ice area  Sea ice extent 

 Bias  RMS  Bias  RMS 

 Improved DPR-ASI  -0.8  2.0  -3.8  2.8 

 Improved DPR-ABA  -1.3  1.7  -3.2  1.9 

 Improved DPR-NT2  -0.7  1.9  -1.3  1.1 

    is adapted for the improved DPR. 
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the diff erences in the sea ice area decreased 
signifi cantly. Figure 7 shows a time series of sea ice 
area diff erences smoothed with a 91-day running 
mean (thick blue: improved DPR-ASI; red: improved 
DPR-ABA; and black; improved DPR-NT2 lines) 
and with a 7-day running mean (thin blue, red, and 
black lines). According to Figs.3 and 8, only small 

seasonal diff erences occurred between the improved 
DPR and ASI (or ABA). There were also no seasonal 
diff erences between the improved DPR and NT2, 
except in the summer.  

 In summary, CR provided an adapted   , which 
improved the DPR results, to calculate the Arctic sea 
ice concentration. Compared with a constant    in the 
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original DPR, the diff erences in the Arctic sea ice area 
between the improved DPR and ASI (or ABA and 
NT2) decreased. 

 3 RESULT AND DISCUSSION 

 To compare our results to actual, and other, ice 
concentration fi elds, we qualitatively used 
observations of extremely low ice concentrations 
from the Pacifi c sector of the central Arctic (north of 
83°N) around August 12, 2010. The Chinese National 
Arctic Research Expedition (CHINARE-2010) 
surveyed this phenomenon. We also selected MODIS 
images for four days (July 22, 23, 24, and 28, 2010) 
from the Beaufort Sea. The choice of these images 
was restricted by the occurrence of clear days to 
eliminate the infl uence of clouds. 

 3.1 Comparison with ship observations 

 During CHINARE-2010, the R/V  Xuelong  sailed 
northward from 153°33.12′W, 72°42.04′N. After ten 
days, on August 6, the ship arrived at 176°05.88′W, 
86°04.85′N. At this location, a long-term ice station 
was established to observe air-ice-ocean interactions 
for twelve days (August 7–19).  

 The sea ice concentration in the Pacifi c sector of 
the central Arctic was qualitatively identifi ed by ship 
speed, which was calculated by GPS data, because the 
ship navigates with maximum power in diff erent ice 

conditions. Figure 8 shows the results of four ice 
concentration algorithms and the speed of the R/V 
 Xuelong  from July 22 to August 6. It is clear that the 
ship passed through an area of low sea ice 
concentration and a fi rst year ice zone from 72.0°N to 
75.2°N under an average speed of 9 knots. The 
average ship speed decreased to 6 knots from 75.2°N 
to 82.3°N, which was a large area of high ice 
concentration. From 82.3°N, sea ice concentration 
decreased rapidly and large areas of open water 
appeared frequently. The ship speed remained at 
8 knots until arriving at the ice camp located at 
86°04.85′N. These observations show that there was 
an extremely low ice concentration in the Pacifi c 
sector of the central Arctic (82.3°N). These ice 
distribution features are supported by a study 
comparing ship-based visual observations of sea ice 
concentration and AMSR-E sea ice concentration in 
Fig.5a of Xie et al. (2013): on the one hand, the ship 
speed in the lower ice concentration zone were faster 
than the higher ice concentration zone; on the other 
hand, ship-based visual observation found a lower ice 
concentration zone in 83°–86°N. 

 During CHINARE-2010, we also qualitatively 
observed the sea ice distribution from a long-term ice 
station (176°05.88′W, 86°04.85′N) to the North Pole 
by helicopter (Huang et al., 2016) and found a large 
area of open water extending from the long-term ice 
station to the North Pole. Therefore, extremely low 
ice concentrations occurred in the central Arctic in 
August, 2010. Figure 9 shows the total sea ice 
concentration north of 83°N calculated using the four 
algorithms from July 1 to September 30, 2010. The 
results of the improved DPR and ASI clearly produced 
an extremely low ice concentration for August 12 and 
September 7, and the sea ice concentration increased 
to a maximum around August 18. However, the 
extremely low ice concentration only appeared on 
September 7 for ABA and NT2.  

 Figure 10 shows the Arctic sea ice concentration 
maps for August 6, August 12, August 18, and 
September 7, 2010, obtained using four algorithms 
(improved DPR, ASI, ABA, and NT2). The black line 
in each map is the navigation trajectory of R/V 
 Xuelong  from July 26 to August 6, 2010. Compared 
with ABA and NT2, the improved DPR results and 
ASI showed a clear ice zone with low sea ice 
concentrations in the Pacifi c sector of the central 
Arctic in early August. On August 12, in particular, 
the sea ice concentration along the trajectories of R/V 
 Xuelong  decreased to 0.5 (or less) in some places 
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 Fig.9 Daily average sea ice concentration from July 1 to 
September 30, 2010 in the central Arctic (north of 
83°N) obtained using four algorithms 
 Improved DPR (black), ABA (blue), NT2 (red), and ASI (green).    
is seasonal for the improved DPR. 
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(such as, the location labeled with a white arrow). The 
ice zone with low sea ice concentrations also expanded 
to the North Pole according to the improved DPR and 
ASI. The results of the improved DPR and ASI were 
similar and in agreement with the qualitative 
observations, showing an ice zone with low sea ice 
concentrations in the Pacifi c sector of the central 

Arctic. All algorithms recorded extremely low ice 
concentrations in the Atlantic sector of the central 
Arctic around September 7, 2010. 

 Similar to ASI, ABA, and NT2, the improved DPR 
also provided reasonable Arctic sea ice concentrations 
to guide vessel navigation, for example, for the R/V 
 Xuelong . In addition, although the improved DPR and 
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ASI gridded products were 12.5×12.5 km 2  and 
6.25×6.25 km 2 , respectively, they produced the same 
sea ice status in the central Arctic. 

 3.2 Comparison with MODIS data 

 To assess and compare the four algorithms, the 
higher resolution (250×250 m 2 ) MODIS image 
subsets across the Beaufort Sea on July 22, 23, 24, 
and 27, 2010 were analyzed. In Fig.11, the MODIS 
images are located in the fi rst row. The next fi ve rows 
are sea ice concentration maps in the red frame 

calculated using MODIS, the improved DPR, ASI, 
ABA, and NT2. The fi nal row is the comparison of 
the fi ve sea ice concentration algorithms along the 
section shown in the fi gure. Each 12.5×12.5 km 2  grid 
is composed of 2 500 MODIS pixels. Therefore, the 
sea ice concentration for each grid is the percentage 
of ice pixels among the 2 500 MODIS pixels (Zhao 
and Ren, 2000; Zhang et al., 2013). In general, the 
spatial distributions of sea ice concentration calculated 
using the fi ve diff erent methods were similar. 
Comparing the sections in Fig.11 indicates that the 
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results of the improved DPR, ASI, ABA, and NT2 
were similar in the high-concentration regime and 
were all less than the MODIS results. Part of this 
diff erence may be explained by the relatively higher 
and less variable sea ice concentration of MODIS that 
tend to limit errors owing to smearing and atmospheric 
infl uences. In addition, we also observed that ASI 
provided relatively low variability and displayed 
medium- and low-concentration regimes, where 
atmospheric infl uences were predominant.  

 To quantify the diff erences between MODIS and 
other algorithms, the statistics from all grids in Fig.11 
are presented in Table 4. All algorithms had negative 
biases on the four days. This indicates that the results 
of the four algorithms were infl uenced by melt ponds, 
and weather and/or surface conditions of sea ice 
(Andersen et al., 2007). Table 4 shows that the 
improved DPR results agreed better with MODIS 
than the other algorithms and that ASI produced the 
largest diff erences. Reasons for this diff erence 

 Table 4 Mean bias and standard deviations (RMS) between MODIS and the improved DPR, ASI, ABA, and NT2 sea ice 
concentration in Fig.11 

 Diff erence 
 22 July  23 July  24 July  27 July 

 Bias  RMS  Bias  RMS  Bias  RMS  Bias  RMS 

 Improved DPR-MODIS  -0.22  8.13  -0.76  11.34  -5.78  19.29  -2.47  9.05 

 ASI-MODIS  -7.26  8.77  -7.21  9.46  -11.77  17.86  -9.35  9.62 

 ABA-MODIS  -3.99  10.31  -2.70  11.60  -8.29  19.29  -5.18  10.35 

 NT2-MODIS  -2.68  10.01  -1.47  12.04  -6.23  19.50  -2.83  10.74 

    is seasonal for the improved DPR. 

Fig.11 Continued
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include: 1) ABA and NT2 calculated the sea ice 
concentration using V18.7 GHz and V36.5 GHz, 
which have diff erent footprint sizes (V18.7: 
16×27 km 2  and V36.5: 8.2×14.4 km 2 ); and 2) in 
general, the high-frequency (such as, 89 GHz) 
channels, which were used in ASI, are highly 
infl uenced by weather (Andersen et al., 2007; Spreen 
et al., 2008). However, the improved DPR only uses 
H and V36.5 GHz channels to calculate the Arctic sea 
ice concentration. The footprint size of H and V 
36.5 GHz is less than V18.7, and the H and V36.5 GHz 
data are infl uenced less by weather than H and 
V89.0 GHz data. 

 According to the brightness temperature equations, 
the improved DPR algorithm uses the 36.5 GHz 
channels of AMSR-E to retrieve the Arctic sea ice 
concentration. It also includes an adapted method for 
the key parameter (  ) determination. When the set of 
   was adapted seasonally, the improved DPR 
algorithm indicated reasonable results not only in 
winter, but also in summer. The improved DPR 
algorithm performed equally well with the other three 
sea ice concentration algorithms. 

 4 SUMMARY AND CONCLUSION 
 The original DPR algorithm uses a fi xed coeffi  cient 

to retrieve Arctic sea ice concentration between 0% 
and 100%. Results from the comparison to original 
DPR algorithm and other three passive microwave 
sea ice concentration algorithms, are seasonally 
diff erent to the Arctic sea ice extent and area. Recalling 
that the alpha (  ) in original DPR algorithm are more 
sensitive to radiometric properties, which would 
change during melting time and refreezing time. 
Therefore, it is very important to reduce the diff erences 
according to appropriate method. For ABA and NT2 
algorithms, there have diff erent tie-points during 
summer and winter (Markus and Cavalieri, 2000). 
For example, sea ice temperature of the emitting 
surface is 268K at summer, however it is 248K at 
winter; Open water temperature of the emitting 
surface is 274K at summer, however it is 271K at 
winter. For ASI algorithms, Spreen et al. (2008) 
provided two priori seasonal coeffi  cients to reduce 
diff erences between algorithms during the summer 
and winter. 

 In this paper, a new method to determine the    and 
improve the DPR algorithm has been developed. 
Using this method, we can easily and automatically 
constructed a seasonal changes of    in Arctic between 
2002 to 2011. Then, we presented results from an 

inter-comparison of four passive microwave sea ice 
concentration algorithms (including improved DPR, 
ASI, ABA and NT2) and a comparison with ship-
based observations. At last, under clear sky conditions, 
MODIS imagery was used to generate high resolution 
sea ice concentration datasets with which to assess 
AMSR-E ice concentration retrievals for four days in 
July 2010. In general, our comparisons showed that 
the improved DPR performed with similar quality as 
the other three sea ice algorithms. Specifi c conclusions 
are as follows.  

 Analysis of the entire AMSR-E time series for the 
Arctic showed diff erences between the original DPR 
for constant    (  =0.92) and ASI. ABA and NT2 had 
signifi cant seasonal cycles, both in ice extent and 
areal estimates, which were more pronounced during 
summer. In general, the original DPR and ASI had the 
largest diff erences in sea ice extent, whereas DPR and 
ABA had the largest diff erences in sea ice area. In 
addition, the original DPR and NT2 had the smallest 
diff erences in ice extent and areal estimates.  

 The CR for dual-polarized brightness temperatures 
at 36.5 GHz provided a seasonal    to improve DPR. 
Our study indicates that the seasonal    changed 
slowly during winter, and rapidly during other times, 
and reached its minimum during summer. Systematic 
diff erences in the Arctic sea ice area using the four 
algorithms suggest that the improved DPR and NT2 
were almost identical, except in summer. However, 
the improved DPR and ABA (or ASI) also had small 
seasonal cycle diff erences. Diff erences in sea ice area 
between DPR and ASI, ABA, and NT2 were reduced 
from -2.1%±3.3%, 2.6%±3.1%, and -2.0%±2.3% (   
was constant at 0.92) to -0.8%±2.0%, 1.3%±1.7%, 
and -0.7%±1.9% (   with a seasonal cycle), 
respectively. This result suggests that the improved 
DPR provides a more reasonable data product than 
the original DPR with a constant   .  

 Results from the comparison with ship-based 
observations and MODIS-based concentrations 
indicate that the improved DPR and ASI were in good 
agreement with extremely low ice concentrations that 
occurred in the Pacifi c sector of the central Arctic 
(north of 83°N) around August 12, 2010, as surveyed 
by CHINARE-2010. According to the mean bias and 
standard deviations (RMS), the improved DPR 
provided a minimum value, followed by NT2 and 
ABA, with the maximum produced by ASI. This 
means that similar to ASI, ABA, and NT2, the 
improved DPR also provided a reasonable sea ice 
concentration value, which can be used for estimates 
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of heat fl ux in numerical atmospheric and ocean 
models, polynya size determination, and calculations 
of ice extent and area time series in climate studies. 

 5 DATA AVAILABILITY STATEMENT 
See Table 5.
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