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Abstract. Accurate sea-ice concentration (SIC) data are a pre-requisite to reliably monitor the polar sea-ice covers. Over the 14 

last four decades, many algorithms have been developed to retrieve the SIC from satellite microwave radiometry, some of 15 

them applied to generate long-term data products. We report on results of a systematic inter-comparison of ten global sea-ice 16 

concentration (SIC) data products at 12.5 to 50.0 km grid resolution for both the Arctic and the Antarctic. The products are 17 

compared with each other with respect to differences in SIC, sea-ice area (SIA), and sea-ice extent (SIE), and they are compared 18 

against a global winter-time near-100% reference SIC data set for closed pack ice conditions and against global year-round 19 

ship-based visual observations of the sea-ice cover. We can group the products based on the concept of their SIC retrieval 20 

algorithmsobserved inter-product consistency and differences of the inter-comparison results. Group I consists of data sets 21 

using the self-optimizing EUMETSAT-OSISAF /– ESA-CCI algorithms. Group II includes data using the NASA-Team 2 and 22 

Comiso-Bootstrap algorithms, and the NOAA-NSIDC sea-ice concentration climate data record (CDR). The standard NASA-23 

Team and the ARTIST Sea Ice (ASI) algorithms are put into a separate group III, and NASA-Team 2 is the only element of 24 

group IVbecause of their often quite diverse results. Within group I and II evaluation results and intra-product differences are 25 

mostly very similar. For instance, among group I products, SIA agrees within ±100 000 km² in both hemispheres during 26 

maximum and minimum sea-ice cover. Among group II products, satellite- minus ship-based SIC differences agree within 27 

±0.7%. Standing out with large negative differences to other products and evaluation data is the standard NASA-Team 28 

algorithm, in both hemispheres. The three CDRs of group I (SICCI-25km, SICCI-50km, and OSI-450) are biased low 29 

compared to thea 100% reference SIC data set with biases of -0.4% to -1.0% (Arctic) and -0.3% to -1.1% (Antarctic). Products 30 

of group II appear to be mostly biased high in the Arctic by between +1.0% and +3.5%, while their biases in the Antarctic only 31 

range from -0.2% to +0.9%. Group III product biases are different for the Arctic: +0.9% (NASA-Team), -3.7% (ASI) but 32 

similar for the Antarctic: -5.4% and -5.6%, respectively. The standard deviation is smaller in the Arctic for the quoted group I 33 

products: 1.9% to 2.9% and Antarctic: 2.5% to 3.1%, than for group II and III products: Arctic: 3.6% to 5.0%, Antarctic: 34 

4.05% to 65.45%. We refer to the paper to understand why we could not give values for group IV here. Products of group I 35 

exhibit larger overall satellite- minus ship-based SIC differences than group II in both hemispheres. However, compared to 36 

group II, group I products’ standard deviations are smaller, correlations higher and evaluation results are less sensitive to 37 

seasonal changes. We discuss the impact of truncating the SIC distribution, as naturally retrieved by the algorithms around the 38 

100% sea-ice concentration end. We show that evaluation studies of such truncated SIC products can result in misleading 39 

statistics and favour data sets that systematically overestimate SIC. We describe a method to re-construct the un-truncated 40 

distribution of SIC before the evaluation is performed. On the basis of this evaluation, we open a discussion about the 41 

overestimation of SIC in data products, with far-reaching consequences for, e.g., surface heat-flux estimations in winter. We 42 
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also document inconsistencies in the behaviour of the weather filters used in products of group II, and suggest advancing 43 

studies about the influence of these weather filters on SIA and SIE time-series and their trends. 44 

1 Introduction 45 

For more than 40 years, the fraction of the polar oceans covered withby sea ice, or sea-ice concentration, has been monitored 46 

by means of satellite microwave radiometry. This enabled a better understanding of ocean–sea-ice–atmosphere interactions 47 

forin the polar regions where observations with other means than satellites are challenging due to remoteness, harsh 48 

environment and limited daylight. Based on the long-term satellite record, a substantial negative trend in the Arctic sea-ice 49 

area and extent has been found (e.g. Meier et al., 2014; Comiso et al., 2012, 2017a). In the Antarctic, sea-ice area and extent 50 

are highly variable with a period of positive trend (Turner et al., 2013; Comiso et al., 2017b) and sea-ice extent maxima (Reid 51 

et al., 2015) being followed recently by record minima (Schlosser et al., 2018; Turner et al., 2017; Stuecker et al., 2017). 52 

In this contribution, we evaluate a number of satellite estimates of thespatially and temporally resolved sea-ice 53 

concentration from which sea-ice area and extent are derived. Such detailed evaluation allows one to better estimate the 54 

uncertainties of these products, knowledge of which is required for all their applications. These applications range from 55 

estimates of the future evolution of the Arctic sea-ice cover, whose confidence is directly affected by observational uncertainty 56 

of sea-ice concentration (e.g., Niederdrenk and Notz, 2018), and short-term forecasts for ship routing (e.g., Wayand et al., 57 

2019; Melia et al., 2017) to detailed climate-model evaluation (e.g., Ivanova et al., 2017). 58 

 The sea-ice concentration, from which sea-ice area and extent are derived, is computed from satellite observations of 59 

the microwave brightness temperature (TB), which is a measure of the Earth-leaving thermal microwave radiation received by 60 

the satellite sensor. A number of different satellite sensors has been in place for sea-ice monitoring, summarized in Table 1 61 

(see also Lavergne et al., 2019, Table 2). With these sensors the polar regions are covered almost completely daily since 62 

October 1978 (every other day with Scanning Multichannel Microwave Radiometer (SMMR) before July 1987). 63 

 A considerable number of different algorithms to compute the sea-ice concentration from microwave satellite TB 64 

measurements has been developed during the past decades. All exploit the fact that under typical viewing angles (50-55 65 

degrees) the difference in microwave brightness temperature, measured at horizontal (h) and vertical (v) polarization, between 66 

open water and sea ice is sufficiently large to estimate sea-ice concentration. Whether or not a given algorithm is accepted by 67 

the scientific community as an candidate foralgorithm to computinge a climate data record (CDR) depends, among other things, 68 

on the length of the available satellite raw data record, spatial and temporal resolution, quantification of uncertainties, and 69 

sensitivity to noise reduction and mitigation ofwhich might introduce artificial trends (e.g., Tonboe et al., 2016; Lavergne et 70 

al., 2019).  71 

Several inter-comparison studies were carried out to assess the quality of the sea-ice concentration obtained with different 72 

algorithms (e.g., Andersen et al., 2007; Ivanova et al., 2014, 2015; Beitsch et al., 2015; Comiso et al., 2017a). Two different 73 

kinds of such inter-comparisons exist. One kind deals with an inter-comparison of sea-ice cover products of a certain number 74 

of algorithms without incorporating independent information of the sea-ice cover. Such inter-comparisons provide very 75 

valuable information about inter-product consistencies in, e.g. the overall sea-ice concentration distribution, and in sea-ice area 76 

and extent time series and trends. They also reveal differences, for instance, with respect to the representation of the seasonal 77 

cycle or with respect to regional differences between sea-ice concentration estimates. Inter-comparisons of this kind are, e.g., 78 

Ivanova et al. (2014) and Comiso et al. (2017a). These studies, however, do not provide information about howthe absolute 79 

accuratecy of a sea-ice concentration product is. The other kind of algorithm inter-comparison studies deals with the 80 

comparison of the satellite sea-ice concentration with independent data. These can be ship-based observations, or sea-ice 81 

concentration estimates derived from independent satellite observations, for instance, in the optical frequency range or with 82 

active microwave sensors such as Synthetic Aperture Radar (SAR). Inter-comparisons of this second kind seldom involve 83 
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more than one to two  algorithms (e.g., Wiebe et al., 2009; Meier, 2005; Comiso et al., 1997; Comiso and Steffen, 2001; 84 

Markus and Dokken, 2002; Kern et al., 2003; Cavalieri et al., 2010; Spreen et al., 2008). Exceptions to this are Andersen et al. 85 

(2007), who compared seven different algorithms with ship-based sea-ice cover observations and SAR imagery for the high 86 

Arctic, and Beitsch et al. (2015), who compared six different algorithms with ship-based sea-ice cover observations in the 87 

Antarctic. Both these studies each focused on one hemisphere only. The work of Andersen et al. (2007) is relatively old and is 88 

based on comparably old versions of the algorithms and products. In the present paper, we inter-compare the newest available 89 

versions of the sea-ice concentration algorithm and products used in both studies, including three CDRs. We perform our 90 

evaluation for both hemispheres. Additionally, we take advantage of a recently published new calibration / validation data 91 

package (see Section 2.2). 92 

This paper is the first of a series of papers in which we are going to present and discuss results of a systematic evaluation 93 

of ten sea-ice concentration products (see Sect. 2). We want to provide users and algorithm developers with new information 94 

about the accuracy and precision of this suite of products, some of which are widely used in the climate research community, 95 

in less than a handful of papers, and in a form allowing a comparison of product skills at a glance. In this papercontribution, 96 

we present the sea-ice concentration products used. We focus on differences in sea-ice concentration, area and extent, and on 97 

inter-comparisons with near-100% reference sea-ice concentrations and with a large suite of ship-based manual visual 98 

observations of the sea-ice conditions. The second paper is going to focus on an inter-comparison with sea-ice parameters 99 

derived from MODerate resolution Imaging Spectroradiometer (MODIS) satellite observations in the Arctic.winter-time near-100 

100% reference sea-ice concentrations, and with a large suite of ship-based manual visual observations of the sea-ice 101 

conditions. The second contribution is going to focus on Arctic summer conditions, presenting and discussing results of an 102 

inter-comparison with sea-ice parameters derived from MODerate resolution Imaging Spectroradiometer (MODIS) satellite 103 

observations. The third contributionpaper is going to focus on presenting and discussing results of an inter-comparison with 104 

sea-ice concentrations computed from Landsat satellite visible imagery. 105 

In the following Sect. 2, we introduce the sea-ice concentration data sets and ancillary data used as input. This sectionIt 106 

further describes the preparation of the ancillary data and inter-comparison steps. Section 3 illustrates how the sea-ice 107 

concentration products compare with each other in terms of multi-annual monthly average sea-ice concentration as well as 108 

sea-ice area and extent. In Sect. 4 and Sect. 5, we show the results of the inter-comparison against a near-100% reference data 109 

set and against ship-based sea-ice observations, respectively. Section 6 covers a discussion, an outlook, and conclusions. 110 

2 Data & Methodologies 111 

2.1 Sea-ice concentration data sets 112 

For this study, we consider 10 different sea-ice concentration products (Table 2, with more details in Appendices A to 113 

F). There are many more algorithms and products available than we are using here, see e.g. Ivanova et al. (2015). The main 114 

criteria for our choice of algorithms and products are 1) length of the product time series, 2) grid resolution, 3) accessibility 115 

and sustained productioncontinuation. We excludeavoid products with less than ten years coverage and/or with a considerably 116 

finer grid resolution than 12.5 km. AfterFollowing Table 2 we comment on several specific issues that are important for the 117 

correct interpretation of sea-ice concentration products, namely the grid resolution, the land spill-over correction, the weather 118 

/ open water filter, and the sea-ice concentration distributions around 0% and 100%. 119 

We group the products according to their concept for sea-ice concentration retrieval (Table 2, column “Group”). Group 120 

I contains the four EUMETSAT-OSISAF – ESA-CCI products. Group II contains the CBT-like algorithms, which are CBT-121 

SSMI; CBT-AMSRE and NOAA-CDR (the latter is a combination of CBT-SSMI and NT1-SSMI but is clearly dominated by 122 

CBT-SSMI). NT1-SSMI and ASI-SSMI are assigned to group III. These algorithms follow a different concept to retrieve the 123 

sea-ice concentration where the sea-ice concentration is mainly based on a brightness temperature polarization difference. 124 
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Finally, NT2-AMSRE is assigned to group IV; its concept to derive sea-ice concentrations via a look-up table and model 125 

atmospheres is fundamentally different from the other nine algorithms. 126 

 127 

 128 

2.1.1 Grid resolution 129 

Given grid resolutions apply to every grid cell for group I productsOSI-450 and SICCI-12km, SICCI-25km, and 130 

SICCI-50km since their EASE grid has equal area of all grid cells (App. A). For all other products which are provided on 131 

polar-stereographic grid (App. B through F), the grid resolution is true at 70 degrees latitude (see also Peng et al., 2013). For 132 

the computation of sea-ice area and extent (Sect. 3), we take this difference in grid-cell area into account and use the respective 133 

files of the grid-cell areas provided by NSIDC (ftp://sidads.colorado.edu/pub/DATASETS/brightness-temperatures/polar-134 

stereo/tools/geo-coord/grid, last access date: 26/9/2018). 135 

 136 

2.1.2 Land spill-over correction 137 

The difference in brightness temperatures observed over open water (low) and land (high) combined with the size of 138 

the field-of-view of several kilometres to a few tens of kilometres can cause spurious sea-ice concentrations to appear along 139 

coasts (e.g., Lavergne et al., 2019). Various methods to reduce this so-called land spill-over effect are applied in all products 140 

(Cavalieri et al., 1999; Cho et al., 1996; Maass and Kaleschke, 2010). For ASI-SSMI (App. B), reduction of land spill-over 141 

effects is carried out for both the ASI algorithm as well as the NASA-Team algorithm product used overfor open water. For 142 

NOAA-CDR (App. F), the reduction of land spill-over effects is applied separately to both input data sets before merging 143 

(Meier and Windnagel, 2018). In this paper, we do not further correct potential differences between the ten products caused 144 

by this effect. 145 

 146 

2.1.3 Weather / open water filter 147 

The two standard weather filters based on brightness temperature gradient ratios at 19 GHz, 22 GHz, and 37 GHz, 148 

which mitigate noise due to atmospheric moisture and wind-induced roughening of the ocean surface (Cavalieri et al., 1995, 149 

1999) are applied in the products NT1-SSMI and NT2-AMSRE. In the products CBT-SSMI and CBT-AMSRE, spurious sea-150 

ice concentrations caused by weather effects are filtered using the same frequencies as mentioned above but applying a 151 

bootstrap technique (Comiso and Nishio, 2008). For NOAA-CDR (App. F), the above-mentioned weather filters are applied 152 

before the merging (Meier and Windnagel, 2018). In the two NASA GSFC (App. C, D) sea-ice concentration products, i.e., 153 

NT1-SSMI, version 1, and CBT-SSMI, version 3, weather effects are reduced by screening of input brightness temperatures, 154 

application of the above-mentioned weather filters, and some additional manual correction (Meier and Windnagel, 2018; Peng 155 

et al., 2013, https://nsidc.org/data/g02202/versions/3, https://nsidc.org/data/nsidc-0051, and https://nsidc.org/data/nsidc-156 

0079). In the ASI-SSMI product no specific weather filter is applied to the ASI algorithm itself. However, ASI algorithm sea-157 

ice concentrations are set to 0% where NASA-Team algorithm sea-ice concentration values are < 30% (see App. B). Because 158 

the above-mentioned two weather filters are applied to the NASA-Team sea-ice concentration, the ASI-SSMI product 159 

implicitly contains a weather filter as well (Ezraty et al., 2007). Note that the 5-day median filter used for the ASI-SSMI 160 

product used here (Kern et al., 2010) not only removes remaining spurious sea ice over open ocean but also reduces weather-161 

induced elevated sea-ice concentrations along the ice edge. In the group IEUMETSAT-OSISAF – ESA-CCI products a 162 

dynamic open water filter is applied. It is basedroots on the quoted standard weather filters but takes into account changes in 163 

filter efficiency due to changes in the frequencies between the different sensors, for instance between SMMR and SSM/I. Also, 164 

it does not use the channels close to 22 GHz. Still, that filter uses a global sea-ice concentration cut-off at about 10% SIC 165 

(Lavergne et al., 2019). All weather filters may in addition to the spurious ice also remove real ice along the ice edge. Finally, 166 

aAll ten products apply a monthly varying climatological sea-ice cover mask to erase spurious sea ice at low latitudes. 167 
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We investigate the temporal consistency of the weather filters. For this we focus on the sea-ice concentration interval 168 

]0.0%, 30.0%], i.e. exclude grid cells set to exactly 0.0% by the weather filter. Then, for each day of the month, we identify 169 

the 5% percentile of all gridded sea-ice concentrations falling into the above-mentioned interval. Subsequently, we average 170 

over the month.the weather filters by computing time-series of the monthly mean 5% percentile of sea-ice concentrations of 171 

the range ]0.0% to 30.0%], i.e. excluding the grid cells set by the open water filter to exactly 0.0%. We look at two aspects. 172 

First, it is desirable that these time-series are mostly stable across the time-period covered by a given data record, indicating 173 

that the weather filter cuts the sea-ice edge evenly across inter-annual variability and changes of frequencies. Second, it is also 174 

desirable that the weather filter cuts “well below” the 15% SIC threshold that is commonly used in the computation of the sea-175 

ice extent (SIE) (e.g. Gloersen et al., 1992; Meier et al., 2014, Comiso et al., 2017) but also of the sea-ice area (SIA) (e.g. 176 

Gloersen et al., 1992; Cavalieri and Parkinson, 2012; Ivanova et al., 2014).value so that it does not interfere with the 177 

computation of sea-ice area (SIA) and extent (SIE) that use this threshold to define the sea-ice edge (e.g., Gloersen et al., 178 

1992). We choose the 5% percentile (and not a minimum value) to obtain less noisy time-series. We plot examples of these 179 

time-series for all ten products in Fig. 1 and Fig. 2 for the Arctic and Antarctic, respectively. For the Arctic we use March (Fig. 180 

1 a) and September (Fig. 1 g); for the Antarctic September (Fig. 2 a) and February (Fig. 2 g). In addition to the time-series, we 181 

also plot the cumulative distribution of the daily sea-ice concentrations of the range ]0.0% to 30.0%] for the respective month 182 

for the year 2004 as an example for CBT-SSMI, OSI-450, NT1-SSMI, ASI-SSMI, and NT2-AMSRE.  183 

We findconfirm the finding from Lavergne et al. (2019, their Fig. 9), with little inter-annual variation of the monthly 184 

mean percentile sea-ice concentration over time particularly for OSI-450 and SICCI-25km (see also Lavergne et al.,  2019). 185 

Changes as caused, e.g., due to a switch in sensor remain below 1%. On average, the 5% percentile sea-ice concentration is < 186 

12%, which ensures that the enhanced open water filter applied in these two products barely influences computation of SIA 187 

and SIE. For group II productsCBT-AMSRE, CBT-SSMI and NOAA-CDR, these monthly mean 5% percentile sea-ice 188 

concentrations are considerably larger and sometimes exceed 15%. Additionally, the time-series for CBT-SSMI and NOAA-189 

CDR reveal larger inter-annual variations than OSI-450, inter-sensor transitions (e.g. in 1987-1988 changing from SMMR to 190 

SSM/I, Fig. 1 g), and in 2007-2008 changing from SSM/I to SSMIS, Fig. 1 a) leading to trends in the percentile time-series. 191 

Compared to OSI-450 and SICCI-25km we find for NOAA-CDR: 1) The sea-ice concentration at which the weather filter 192 

applies varies seasonally. For instance, in the year 1996, the mean 5% percentile of sea-ice concentrations within the interval 193 

]0%, 30%] is for the Arctic 14% in March but 17% in September, and for the Antarctic 16% in September but 18% in February. 194 

OSI-450 cuts at 10%, SICCI-25km at 11% in these months, and for both hemispheres. 2) The inter-annual variation of the sea-195 

ice concentration at which the filter applies is larger for NOAA-CDR than for OSI-450 and SICCI-25km. The time-series for 196 

NT1-SSMI, ASI-SSMI, and NT2-AMSRE, in contrast, have very low (partly ~1%) monthly mean 5% percentile sea-ice 197 

concentration values with little or no inter-annual variation.  198 

In the plots of the sample daily cumulative fraction for year 2004, we findCBT-SSMI and OSI-450 reveal a hockey-199 

stick shaped cumulative distribution with a first increasing, later merely constant slope with no sea-ice concentrations below 200 

~10% and ~8% for CBT-SSMI and OSI-450, respectively (Fig. 1 b, c, h and i; Fig. 2 b, c, h and i). This agrees with the 201 

application of the open water filter presented in Lavergne et al. (2019). For NT1-SSMI and NT2-AMSRE, in contrast, we 202 

findreveal a substantial amount of near-0% sea-ice concentrations (Fig. 1 d, f, j and l; Fig. 2 d, f, j and l). This suggests that 203 

while a weather filter is applied (according to the documentations) there are still concentrations near 0% left. We checked this 204 

by looking at the respective daily sea-ice concentration maps. Both products reveal a considerable number of grid cells with < 205 

5% sea-ice concentration along the ice edge. Note that the fact that except All but the group IEUMETSAT-OSISAF – ESA-206 

CCI products (see Table 2), all products only provide integer sea-ice concentration values. At the near-0% end of the sea-ice 207 

concentration distribution these products have sea-ice concentrations 0%, 1%, 2%, and so forth. The number of NT2-AMSRE 208 

sea-ice concentration values of 1% exceeds the 5% percentile most of the time which is the explanation why most NT2-209 

AMSRE values are missing in the , paired with this large number of near-0% sea-ice concentration values for, e.g. NT2-210 
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AMSRE, results in a no-show of this product in the time series in plots a) and g) of Fig. 1 and Fig. 2. We take the 211 

resultsinformation from  shown in these two figures into account when discussing the results presented in Sect. 3. 212 

 213 

2.1.4 Distribution around 0% and 100% 214 

A considerable fraction of this paper focuses on the evaluation near 100% sea-ice concentration. Sea-ice concentrations 215 

are retrieved from satellite microwave brightness temperatures using a geophysical algorithm, usually involving tie points. Tie 216 

points are typical signatures, e.g. brightness temperatures, or parameters derived from these, of ice (SIC: 100%) and open 217 

water (Sic: 0%). Because of the natural variability of the surface properties of 100% sea ice relevant for its microwave remote 218 

sensing, one fixed tie point value for 100% sea ice, even if retrieved daily, can only be an average representation of these 219 

properties. In other words, ten different kinds of 100% sea ice can cause ten different brightness temperatures. As a result, a 220 

retrieved sea-ice concentration naturally varies around 100%. This means even though the actual sea-ice concentration is 221 

exactly 100% the retrieved one could be, for example, 97% or 100% or 103%. While the group IEUMETSAT-OSISAF – ESA-222 

CCI products allow usingretain the naturally retrieved sea-ice concentration on either side of 100%  the others do not; in all 223 

group II to group IVthose other products (see Table 2) sea-ice concentrations are truncated at 0% and 100%, i.e. values < 0% 224 

are set to 0% and values > 100% are set to 100%. . Figure 3 illustrates the sea-ice concentration distribution at the locations of 225 

the near-100% sea-ice concentration reference data set (see Sect. 2.2) for SICCI-25km, SICCI-50km and NOAA-CDR for the 226 

Arctic (plots a) to c)) and the Antarctic (plots d) to f)).  227 

We use a Gaussian fit to simulatereconstruct the true distribution of the sea-ice concentration retrieval around 100% 228 

for type II and III product types. The methodology is tested on the group I products. This is done by finding that Gaussian 229 

curve which provides the lowest root-mean-squared difference (RMSD) to the sea-ice concentration distribution for values ≤ 230 

99%, i.e., basically the left hand side of the histograms shown in Fig. 3. For the fitting process, we also take into account the 231 

fraction of sea-ice concentrations ≤ 99% relative to the entire count of valid sea-ice concentrations: F99. The difference between 232 

original F99 and F99 resulting from the Gaussian fit, ∆F99, has to be < 0.1. We allow a maximum RMSD value of 0.0125. We 233 

first binned SICCI-25km and SICCI-50km sea-ice concentration values to integer values to be consistentcomply with the other 234 

products. Figure 3 a, b and d, e) illustrate that the fits (red) agree well with the originally retrieved SICCI-25km and SICCI-235 

50km sea-ice concentrations (blue) with modal values slightly below 100%. Figure 3 c, f) illustrate how well the Gaussian fit 236 

matches the original sea-ice concentration distribution for sea-ice concentrations ≤ 99% for NOAA-CDR as an example. Here 237 

the modal sea-ice concentrations of the Gaussian fit are larger than 100%: 103.5% for NH (Fig. 3 c) and 100.9% for SH (Fig. 238 

3 f). In addition, the Gaussian curve is broader than for SICCI-25km and SICCI-50km, resulting in larger values for the 239 

standard deviation. We also note that F99 is ~0.6 and ~0.5 for SICCI-25km and SICCI-50km, respectively, but only ~0.2 and 240 

~0.4 for NOAA-CDR. We take the information from Fig. 3 into account when interpreting the results presented in Sect. 4 and 241 

Sect. 5. We refer to Appendix H for the full set of sea-ice concentrations and Gaussian fits obtained for all ten products in both 242 

hemispheres. 243 

2.2 The near-100% sea-ice concentration reference data set 244 

For the evaluation of the ten products at 100% sea-ice concentration (see Sect. 4), we use the Round Robin Data Package 245 

version 2 (RRDP2) near-100% reference sea-ice concentration data set developed within the ESA Sea_Ice_cci and EU-SPICES 246 

projects (Pedersen et al., 2019). In short, for this reference data set, areas of ~100% sea-ice concentration are found by 247 

identifying areas of interest (AOI) of approximately 100 km x 100 km size with net convergence in the ice drift pattern on two 248 

consecutive 1-day periods. Information about convergence is derived from the PolarView / MyOcean / CMEMS ice drift data 249 

set derived from Envisat ASAR, RADARSAT-2 SAR and Sentinel-1 SAR imagery. By choosing AOIs forin regions with high 250 

-concentrations regions, near 100% sea-ice concentration can be assured (e.g., Kwok, 2002; Andersen et al., 2007) in winter. 251 

Each AOI contains up to hundred 10 km x 10 km cells for which the SAR ice drift is computed. The number of cells depends 252 
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on SAR image coverage. Convergence in the ice drift pattern results in a decrease in the total area of these cells. A cell is 253 

included in the dataset of ~100% sea-ice concentration if the area reduction between day 1 and day 2 is between 0.4% and 254 

1.52% and if more than 40% of the AOI contains cells with such an area reduction. The RRDP2 near-100% sea-ice 255 

concentration reference data set contains the AOI centre geographic latitude and longitude, time, total sea-ice concentration 256 

(100%) and AOI average area reduction due to net ice convergence. It is available for years 2007 through 2015 for both 257 

hemispheres. 258 

We only use AOIs for winter months, i.e., November through March (Arctic) and May through September (Antarctic). 259 

By doing so we ensure that small-scale openings, which may remain in an area of high ice concentration and net ice 260 

convergence, are frozen and thus sea-ice concentrations are close to 100%. We use only AOIs for which the average area 261 

reduction between day 1 and day 2 is between 0.4 and 1.5%.We cannot provide a definite uncertainty for this reference data 262 

set but for its production, we combine a suite of measures to ensure high precision and close-to-zero bias (high accuracy). The 263 

drift/convergence selection is based on convergence on two consecutive days of 1-day drift. During winter, i.e., November 264 

through March (Arctic) and May through September (Antarctic), this is assumed to ensure that all openings existing on day 0 265 

(prior to the two convergence days) are closed by convergence or refrozen. The refreezing assumption is the reason for the 266 

product quality to be higher during winter when openings rapidly refreeze than during summer when openings may not freeze 267 

up. There is no prior assumption of the initial ice concentration (on day 0), but the ice-drift product requires quite high 268 

concentrations for the 2-D cross correlation to work. Andersen et al. (2007) reported an accuracy of 2% for ice-water SAR 269 

image classification from ice analysts without additional drift / convergence information and a sea-ice concentration standard 270 

deviation of ~1% for own cold-season high-resolution high-quality SAR image classification. Based on our above-mentioned 271 

measures and the results of Andersen et al. (2007) we can state estimated values for precision: ~1% and accuracy:  <0.5% for 272 

our reference data set. 273 

We co-locate the sea-ice concentrations of the ten products with the selected AOI grid cells by computing the minimum 274 

distance between AOI grid cell centre and grid cell centre of the respective sea-ice concentration product. For this step, we 275 

convert the geographic coordinates of all data sets into cCartesian coordinates taking into account the different projections. 276 

Figure 4 illustrates the spatial distribution of selected AOIs for both hemispheres for two different years by showing the co-277 

located OSI-450 sea-ice concentration. We give an example ofor a typical “good distribution” (Fig. 4 a, c) and for a typical 278 

“poor distribution” (Fig. 4 b, d). The RRDP2 near-100% sea-ice concentration reference data set contains basically no AOIs 279 

in the Eastern Antarctic because of the lack of sufficiently frequent SAR image coverageacquisitions required for the ice drift 280 

product used to generate this RRDP2 data set.  281 

We evaluate the products at their native grid resolution without applying any spatial averaging. For each product, we 282 

compute the mean difference “product minus 100%” and its standard deviation as well as the cumulative distribution function 283 

of the differences. 284 

2.3 Ship-based visual sea-ice cover observations 285 

According to the Antarctic Sea Ice Processes & Climate (ASPeCt) protocol http://www.aspect.aq (Worby and Allison, 286 

1999; Worby and Dirita, 1999, see also Worby et al., 2008) and the IceWatch/ASSIST (Arctic Ship-based Sea-Ice 287 

Standardization) protocol (http://icewatch.gina.alaska.edu), ship-based observations of the sea-ice conditions shall be carried 288 

out every hour, at least every second hour, during daylight conditions while the ship is traversing the sea ice. Observations 289 

shall be carried out from the ship’s bridge for an area of about one kilometre around the ship and shall report ice conditions as 290 

follows: total ice concentration, type of openings, and concentration, thickness, ridge fraction and height, and snow depth and 291 

type for up to three ice types. Such a protocol was not implemented in the Arctic in the same rigorous way as in the Antarctic. 292 

Nevertheless, ship-based visual observations were carried out as well during numerous cruises into the Arctic Ocean and its 293 

peripheral seas, using a slightly different protocol, established in the late 2000s. The need for a slightly different protocol can 294 
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be explained by various forms of melt on Arctic sea ice, which are largely lacking for Antarctic sea ice. All ship-based visual 295 

observations used here result from manual, non-automated observations. 296 

For our evaluation of the ten products with respect to ship-based visual observations of the sea-ice conditions (see Sect. 297 

5), we use about 15  000 individual observations. About ~7000 of these were carried out in the Antarctic (ASPeCt) and ~8000 298 

in the Arctic (IceWatch/ASSIST).About ~7000 of these were carried out in the Antarctic under the framework of the ASPeCt 299 

protocol. A substantial fraction of the Antarctic observations (until 2005) is available via http://www.aspect.aq (Worby et al., 300 

2008). The more recent observations were collected from various sources (e.g. PANGAEA, ACE-CRC, AWI, see also Beitsch 301 

et al., 2015) and merged with the existing ASPeCt data. The majority of the ASSIST data is taken from the data portal 302 

http://icewatch.gina.alaska.edu. Additional sources for ASSIST data are PANGAEA (for Polarstern cruises before 303 

IceWatch/ASSIST), the Arctic Data Center of the NSF: https://arcticdata.io/catalog/#data, and the data archive of the Bering 304 

Sea Ecosystem Study (BEST): https://www.eol.ucar.edu/projects/best/ice.shtml. All data are standardized, i.e. the ascii format 305 

data files containing the observations use similar formats for all variables and missing data.Beitsch et al., 2015), merged with 306 

the existing ASPeCt data and standardized. Standardization means that the resulting ascii format data file containing all 307 

observations uses similar formats for all variables and missing data. The data are also manually quality checked for outliers. 308 

For the comparison presented in this manuscript, we use all ASPeCt and IceWatch/ASSIST observations from the period June 309 

2002 through December 2015. This data set is available via 310 

http://icdc.cen.uni.hamburg.de/1/daten/cryosphere/seaiceparameters-shipobs, last access date: 28/3/2019. 311 

In the Arctic, ship-based sea-ice observations have been collected under the IceWatch/ASSIST (Arctic Ship-based Sea-312 

Ice Standardization) initiative and are available via http://icewatch.gina.alaska.edu. The majority of the data used in this 313 

manuscript for the Arctic is taken from that portal. Additional sources for ship-based sea-ice observations are again PANGAEA 314 

(for Polarstern cruises before IceWatch/ASSIST), the Arctic Data Center of the NSF: https://arcticdata.io/catalog/#data, and 315 

the data archive of the Bering Sea Ecosystem Study (BEST): https://www.eol.ucar.edu/projects/best/ice.shtml. In total ~8000 316 

observations are available for the Arctic. We prepare these data in the same way as the ASPeCt observations for the Antarctic 317 

and use all observations from the period June 2002 through December 2015. This data set is available via 318 

http://icdc.cen.uni.hamburg.de/1/daten/cryosphere/seaiceparameters-shipobs, last access date: 28/3/2019. 319 

Figure 5 summarizes the locations of the ship-based observations used in this manuscript, separately for the Arctic (Fig. 320 

5 a, b) and the Antarctic (Fig. 5 c, d). InFor both hemispheres, just comparably small regions contain such observations. Figure 321 

5 a, c) illustrates that some regions are visited during several years while others just once or twice during the 13-year period 322 

considered. The seasonal distribution (Fig. 5 b, d) illustrates that the more central (Arctic) or southern (Antarctic) regions were 323 

only visited during summer months due to harsh winter conditions and missingpaired with lack of daylight forin these regions. 324 

We co-locate the sea-ice concentrations of the ten products with the selected ship-based observations by computing the 325 

minimum distance between geographic location of the ship-based observation and the grid cell centre of the respective sea-ice 326 

concentration product. For this step, we convert the geographic coordinates of all data sets into cartesian coordinates taking 327 

into account the different projections of the sea-ice concentration products. AfterFollowing the co-location, we average over 328 

all ship-based and all satellite-based sea-ice concentration values, including reports of open water, i.e. 0% concentration, of 329 

one day following the approach of Beitsch et al. (2015). This results in a comparison of along ship-track daily average sea-ice 330 

conditions. Data pairs with less than three ship-based observations per day are discarded. The results of the comparison 331 

between ship-based and satellite-based sea-ice concentration are solely based on these daily average sea-ice concentrations. 332 

Note that all satellite-based data are used at their native grid resolution. 333 

The ship-based and satellite-based sea-ice concentration data sets are inter-compared (Sect. 5) by means of histograms, 334 

scatterplots and linear regression analysis and statistics separately for summer data, winter data, and data of the entire year. 335 

Summer comprises months May through September for the Arctic and months November through March for the Antarctic; 336 

winter comprises the respective remaining months. For the histograms, sea-ice concentrations are put into bins 0 … 5%, 5% 337 
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… 15%, 15% … 25%, … , 85% … 95%, 95% … 100%. By doing so we get an impression about the distribution of both sea-338 

ice concentration data sets at the precision of the ship-based observations, which is ~10%. In the scatterplots, we compare the 339 

daily average sea-ice concentrations and additionally compute averages of the satellite-based sea-ice concentration for each of 340 

the above-mentioned bins applied to the ship-based data and vice versa. We compute the overall average sea-ice concentration 341 

difference and its standard deviation, and perform a linear regression analysis based on the daily average and the binned data. 342 

All these results are presented in Sect. 5.  343 

3 Inter-comparison of sea-ice area, and extent, and distribution 344 

We follow Ivanova et al. (2014) and begin our inter-comparison with time-series of the sea-ice area (SIA) and sea-ice 345 

extent (SIE) (Subsection 3.1 and 3.2) derived from monthly mean sea-ice concentration. The monthly mean sea-ice 346 

concentration is derived for every product at the native grid and grid resolution using data of all days of a month of the entire 347 

sea-ice concentration range including 0%. SIE is computed by summing over the grid-cell area of grid cells with > 15% sea-348 

ice concentration. SIA is computed by summing over the ice-covered portion of the grid-cell area of grid cells with > 15% sea-349 

ice concentration. By using this threshold, we follow Gloersen et al. (1992) and numerous SIA and SIE inter-comparison 350 

studies. We compare SIA and SIE time-series for the entire period for which we have data from the respective products at the 351 

time of the analysis. We exclude sea-ice concentrations estimated for lakes and other inland waters. We fill the circular area 352 

with missing data around the pole caused by the satellite orbit inclination and swath width with a constant sea-ice concentration 353 

value of 98%. Andersen et al. (2007) found a mean sea-ice concentration of ~98% from a comparison of cold season passive 354 

microwave and synthetic aperture radar observations in the high Arctic. They noted a smaller value of ~95% in summer. Both 355 

values are confirmed by own work (Kern, 2018, http://icdc.cen.uni-hamburg.de/fileadmin/user_upload/ESA_Sea-Ice-356 

ECV_Phase2/SICCI_Phase2_SIV-Retrieval_Report_v02.pdf, last accessed September 6, 2019). Using 98% instead of 95% 357 

during summer results in an overestimation of the SIA of about 10 000 km², a small value compared to other sources of biases 358 

for the SIA during summer. This filling is appliedof 98%; this applies to the Arctic and only to the products at polar-359 

stereographic projection. This area is already interpolated spatially in the four group IEUMETSAT-OSISAF – ESA-CCI 360 

products already. As described in Lavergne et al. (2019), these products contain a fully filtered and truncated to the range 361 

[0.0% … 100.0%] version and a non-filtered, non-truncated version of the sea-ice concentration. The latter contains the 362 

naturally retrieved sea-ice concentrations, i.e., also values < 0% and > 100% (see Sect. 2.1.3) and no weather filters are applied 363 

(see Sect. 2.1.3). We use the fully filtered and truncated versionNote that we use the fully filtered and truncated versions of 364 

these products, i.e. the variables, which are the main entry point to this product files. The two most relevant filters applied are 365 

the open-water filter, and a statistical land spill-over removal filter (Lavergne et al., 2019). In addition, these filtered sea-ice 366 

concentrations are truncated to values between 0% and 100%, even though the retrieval naturally provides a sea-ice 367 

concentration distribution around these two values (see Fig. 3 and Lavergne et al. (2019)). Without theis truncation the SIA of 368 

the group IEUMETSAT-OSISAF – ESA-CCI products increases slightly, while the SIE does not change because the number 369 

of grid cells covered with > 15% sea ice is not influenced by the truncation (not shown). In Fig. 6, we present the SIA and SIE 370 

time series of months March and September for the Arctic; in Fig. 8 we show the SIA and SIE extent time series of months 371 

February and September for the Antarctic. The months chosen reflect the time of the typical minimum and maximum SIA and 372 

SIE. 373 

We complement these SIA and SIE time series with maps of the multi-annual average sea-ice concentration difference 374 

for selected months in the Arctic (Fig. 7) and Antarctic (Fig. 9 and Fig. 10) for the AMSR-E measurement period: June 2002 375 

to September 2011 (Subsection 3.3 and 3.4). We choose this period to be able to compare all ten products for a similarly long 376 

time-period. For these maps, we first re-grid the monthly mean sea-ice concentrations of all products, except SICCI-50km, 377 

onto the EASE grid version 2.0 with 50 km grid resolution using bilinear interpolation. Then we compute the multi-annual 378 
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average sea-ice concentration for each month from which we subsequently calculate an ensemble median (see map k) in Fig. 379 

7 and Fig. 9 and  10) and the difference product minus ensemble median (all other maps in Fig. 7 and Fig. 9 and 10).  380 

Finally, we summarize differences between the mean sea-ice concentrations of all products and differences between the 381 

mean SIA and SIE values of all products in Fig. 11 and in Appendix G, Fig. G1 through Fig. G6. Similarly to the sea-ice 382 

concentration maps mentioned above, we re-grid the monthly mean sea-ice concentration onto the EASE grid version 2.0 with 383 

50 km grid resolution using bilinear interpolation and apply a common land mask (the one of SICCI-50km) to all products. 384 

The differences between SIA and SIE values shown in Fig. 11 are computed from these gridded 50 km resolution, common 385 

land mask products. 386 

 387 

3.1 Arctic sea-ice area and extent time-series  388 

The SIA and SIE time-series shown in Fig. 6 for the Arctic reveal a very similar overall development for the products 389 

extending back into the 1980ties and 1990ties (Fig. 6). This applies to: i) the overall negative trend in both quantities; ii) the 390 

inter-annual variability as, for instance, during 1991-1997 and around 2007 and 2012 for the September SIA and SIE in 391 

September (Fig. 6 b, d), or in 2011 for the relative minimum in March SIA and SIE (Fig. 6 a, c); iii) to the ranking between 392 

the products. NOAA-CDR and CBT-SSMI provide largest SIA and SIE infor both March and September, exceeding the next 393 

largest one, OSI-450, by ~600 000 km² (SIA) and ~200 000 km² (SIE). NT1-SSMI provides lowest SIA and SIE infor 394 

September, while infor March we find SIA and SIE from ASI-SSMI to be even lower. It is obvious that differences between 395 

products are smaller for SIE than for SIA as was shown also by Ivanova et al., (2014).  396 

For the AMSR-E period, when SIA and SIE of all ten products are available, the inter-annual variation is similar for all 397 

ten products. We find that the products not discussed in the previous paragraph, i.e. the ESA-CCI products, CBT-AMSRE and 398 

NT2-AMSRE, fall into the ranges of SIA and SIE given by the other products. An exception to this is SICCI-50km, providing 399 

clearly the lowest SIE of all products in March (Fig. 6 c). We will discuss this finding in Sect. 3.3the context of Fig. 7.  400 

3.2 Antarctic sea-ice area and extent time-series 401 

The SIA and SIE time-series shown in Fig. 8 for the Antarctic reveal a similar overall development for products extending 402 

back into the 1980ties and 1990ties (Fig. 7). This applies to i): the overall positive trend until 2015 in both quantities; ii) the 403 

inter-annual variability, for instance, during 2000-2003 for the February SIA and SIE in February (Fig. 78 b, d), or in 2008 for 404 

the relative minimum in September SIA and SIE in September (Fig. 78 a, c); iii) the ranking between products. NOAA-CDR 405 

and CBT-SSMI provide largest SIA while NT1-SSMI provides smallest SIA, being ~1.8 million km² and 300 000 km² below 406 

the SIA of NOAA-CDR and CBT-SSMI infor September and February, respectively. OSI-450 and ASI-SSMI SIA mostly fall 407 

into the range given by the other products. OSI-450 and CBT-SSMI provide the largest SIE, exceeding the smallest SIE: NT1-408 

SSMI by ~500 000 km² and ~300 000 km² in September and February, respectively (Fig. 78 c, d). Inter-product differences 409 

are larger for SIA than SIE infor September but not infor February.  410 

For the AMSR-E period, the inter-annual variation is similar for all ten products. InFor September, SIA and SIE of the 411 

ESA-CCI products mostly fall between ASI-SSMI and OSI-450 (Fig. 87 a, c). ForIn February (Fig. 87 b, d), SICCI-50km 412 

provides smallest overall SIA and SIE while the SICCI-12km and SICCI-25km products agree closely with OSI-450. In 413 

contrast to the Arctic (compare Fig. 6), NT2-AMSRE clearly provides largest SIA infor both September and February, 414 

exceeding the second largest SIA: CBT-AMSRE for September and ASI-SSMI for February by ~ 500 000 km² (Fig. 87 a, b). 415 

NT2-AMSRE provides largest SIE infor February as well (Fig. 78 d). 416 

Figure 7 c) contains an example of discontinuities caused by the application of weather filters not adapted to sensor 417 

changes. Wintertime Antarctic OSI-450 and CBT-SSMI SIE agree with each other for the SMMR period. After 1987 the CBT-418 

SSMI SIE is below the OSI-450 SIE by ~150 000 km². This corresponds to the area of one quarter of all 25 km grid cells at a 419 
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latitude of 60°S, the approximate average location of the Antarctic sea-ice edge in September. This change in SIE is 420 

concomitant with a jump in the weather-filter sea-ice concentration from 11% to 14% (Fig. 2 a). It is noteworthy that the 421 

23.0 GHz channels of the SMMR instrument have been highly unstable since launch, and eventually ceased to function on 11 422 

March 1985 (Njoku et al., 1998). Thus, the water-vapour part of the “classic” weather filter is un-reliable in the early decade 423 

of the satellite data record. This is solved in the OSI-450 product by relying on explicit atmospheric correction of the brightness 424 

temperatures using -among others- water vapour fields from atmosphere re-analysis (see Lavergne et al., 2019). Another 425 

example of this kind (not shown), is a shift between OSI-450 SIE and NOAA-CDR SIE by 50 000 km² to 100 000 km² between 426 

2007 and 2008. This shift is concomitant with a discontinuity in the weather-filter sea-ice concentration for NOAA-CDR in 427 

March (Arctic, Fig. 1 a) and September (Antarctic, Fig. 2 a) during the transition from 2007 to 2008. This corresponds to when 428 

SSMIS (F17) is processed instead of SSM/I (F15). OSI-450 exhibits no discontinuity here. 429 

3.23.3 Arctic sea-ice concentration distribution differences 430 

ForIn March, the difference between the sea-ice concentration of an individual product and the ensemble median of all 431 

ten products (Fig. 78) remains within ±5% over most of the Arctic Ocean, except for ASI-SSMI (Fig. 87 d) and SICCI-12km 432 

(Fig. 87 f). While the former exhibits less sea ice than the ensemble mean over almost the entire Arctic Ocean, the latter 433 

exhibits less sea ice particularly north of Greenland and the Canadian Arctic Archipelago with differences < -5%. The largest 434 

differences between individual products and the ensemble median are located in the peripheral seas, i.e. Sea of Okthosk, Bering 435 

Sea, Baffin Bay, Labrador Sea, Irminger Sea, Greenland and Barents Seas. Group II and IV (see Table 2) products have more 436 

sea ice than the ensemble median CBT-SSMI, NOAA-CDR, CBT-AMSRE and NT2-AMSRE (Fig. 78 b, c, i, j) show more 437 

sea ice than the ensemble mean – especially in the Irminger Sea (the two SSM/I products), the Labrador Sea (the two AMSR-438 

E products), and Sea of Okthosk and Bering Sea (all four products); differences can exceed 20%. Note the similarity in the 439 

distribution of differences for CBT-SSMI and NOAA-CDR (Fig. 7 b, c). NT1-SSMI (Fig. 87 a) showhas less sea ice than the 440 

ensemble median with negative differences greater thanof < -10% or even < -15% in magnitude in all peripheral seas. 441 

Differences of OSI-450 or SICCI-25km and the ensemble median are within ±5% almost everywhereoverall (Fig. 88 e, g). 442 

SICCI-50km exhibits shows ~2% more sea ice than the ensemble mean for most of the sea-ice cover. However, we find areas 443 

of considerably less sea ice than the ensemble mean, i.e. negative differences greater than≤ -20% in magnitude, along some of 444 

the coastlines, e.g., in the Labrador Sea, the Irminger Sea or the coastlines ofin the Pechora Sea and Barents Seas (Fig. 87 h). 445 

A careful check of these areas in daily and monthly mean maps of the SICCI-50km sea-ice concentration reveals that forin 446 

regions withof a relatively narrow sea-ice cover stretching along coastlines, the coarse resolution of the 6.9 GHz frequency 447 

channel entering the algorithm (see Table 2), in the combination withof land spill-over filter and open water filter can result in 448 

an unwanted complete removal of sea ice from the grid cells of theSICCI-50km product grid cells with ice. We are confident 449 

that this explains the particularly low SICCI-50km SIA and SIE shown in Fig. 6 a) and c) forin Arctic SIE infor March. 450 

For the matrices shown in Fig. 9 (and Fig. 12, Appendices G1 to G6), we re-grid the monthly mean sea-ice concentration 451 

onto the EASE grid version 2.0 with 50 km grid resolution using bilinear interpolation and apply a common land mask (the 452 

one of SICCI-50km) to all products. The differences between SIA and SIE values are computed from these gridded 50 km 453 

resolution, common land mask products. Figure 191 a) agrees with the results shown in Fig. 87. InFor winter (March), small, 454 

i.e. < 1%, overall sea-ice concentration differences between members of groups I to III are < 1%. are found within three groups 455 

of products: I) EUMETSAT-OSISAF – ESA-CCI, II) NT2-AMSRE, CBT-AMSRE, CBT-SSMI, and NOAA-CDR, and III) 456 

ASI-SSMI and NT1-SSMI. Note we assign the two products of group III to a separate group only for simplicity; they often 457 

differ considerably. Group III members NT1-SSMI and ASI-SSMI (see Table 2) exhibits less sea ice than the other groups: 458 

~2% compared to group I and ~5% compared to group II. Group II and IV members exhibit higher sea-ice concentrations than 459 

the other two groups in winter and summer (September). ForIn summerSeptember (Fig. 911 db), we find small overall sea-ice 460 

concentration differences remain < 2% between members ofwithin groups I and II of < 2% but not within group III; where 461 
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differences exceed 10% between ASI-SSMI and NT1-SSMI. Of the ten products, NT1-SSMI exhibits the smallest overall 462 

mean September sea-ice concentration, which is 7-8% below the products of group I, and more than 10% below the products 463 

of group II. Group II September sea-ice concentrations exceed those of group I by 5-8%. We refer to App. G for the respective 464 

results forof the other months. 465 

3.3 Antarctic sea-ice area and extent 466 

1.1 The SIA and SIE time-series shown in Fig. 8 for the Antarctic reveal a similar overall development for products 467 

extending back into the 1980ties and 1990ties. This applies to i): the overall positive trend until 2015 in both 468 

quantities; ii) the inter-annual variability, for instance, during 2000-2003 for the February SIA and SIE (Fig. 8 469 

b, d), or in 2008 for the relative minimum in September SIA and SIE (Fig. 8 a, c); iii) the ranking between 470 

products. NOAA-CDR and CBT-SSMI provide largest SIA while NT1-SSMI provides smallest SIA, being ~1.8 471 

million km² and 300 000 km² below the SIA of NOAA-CDR and CBT-SSMI for September and February, 472 

respectively. OSI-450 and ASI-SSMI SIA mostly fall into the range given by the other products. OSI-450 and 473 

CBT-SSMI provide largest SIE, exceeding the smallest SIE: NT1-SSMI by ~500 000 km² and ~300 000 km² in 474 

September and February, respectively (Fig. 8 c, d). Inter-product differences are larger for SIA than SIE for 475 

September but not for February.  476 

For the AMSR-E period, the inter-annual variation is similar for all ten products. For September, SIA and SIE of the 477 

ESA-CCI products mostly fall between ASI-SSMI and OSI-450 (Fig. 8 a, c). For February (Fig. 8 b, d), SICCI-50km provides 478 

smallest overall SIA and SIE while the SICCI-12km and SICCI-25km products agree closely with OSI-450. In contrast to the 479 

Arctic (compare Fig. 6), NT2-AMSRE clearly provides largest SIA for both September and February, exceeding the second 480 

largest SIA: CBT-AMSRE for September and ASI-SSMI for February by ~ 500 000 km² (Fig. 8 a, b). NT2-AMSRE provides 481 

largest SIE for February as well (Fig. 8 d).  482 

3.4 Antarctic sea-ice concentration distribution differences 483 

In September (Fig. 109), most products show more sea ice than the ensemble median over high-concentration ice and 484 

less sea ice along the marginal ice zone. Exceptions are NT1-SSMI, ASI-SSMI, and NT2-AMSRE / CBT-AMSRE. NT1-485 

SSMI (Fig. 910 a) exhibits considerably less sea ice than the ensemble median almost everywhere with differences even < -486 

20% (see also Fig. 12 a). ASI-SSMI (Fig. 109 d) exhibits a difference distribution of sea-ice concentration differences that is 487 

reversed compared to most other products, exhibiting less sea ice than the ensemble mean over high-concentration ice and 488 

more sea ice along the marginal ice zone. CBT-AMSRE and especially NT2-AMSRE (Fig. 109 i, j) show more sea ice than 489 

the ensemble median forin most regions. This is evident in Fig. 12 a) as well. – except the marginal ice zone in the Pacific 490 

ocean; differences exceed 15% for NT2-AMSRE in the northern Weddell Sea.  491 

Figure 11 g) agrees with these findings. NT1-SSMI and NT2-AMSRE stand out by providing the smallest and the largest 492 

September mean sea-ice concentration, respectively. The overall mean NT1-SSMI September sea-ice concentration is smaller 493 

than EUMETSAT-OSISAF – ESA-CCI (group I, compare Sect. 3.2) by 7-9%, and group II (CBT-SSMI, NOAA-CDR, CBT-494 

AMSRE, and NT2-AMSRE) by 9-14%; 14% is for NT2-AMSRE. The overall mean NT2-AMSRE September sea-ice 495 

concentration exceeds those from group I by 5-6%, and the other products within group II by 3-4%. Between the EUMETSAT-496 

OSISAF – ESA-CCI products (group I), sea-ice concentration differences are within ±1.1%, consistent to the Arctic where 497 

these differences are within ±0.7% (Fig. 11 a).   498 

In January (Fig. 110), the few, comparably small, high-concentration areas exhibit sea-ice concentration differences 499 

mostly below ±5%. Over the lower concentration areas, i.e. mainly in the Weddell Sea and the Ross Seas, most products show 500 

less sea ice than the ensemble median butwith differences are small, staying between 0 and -6%. NT1-SSMI has less sea ice 501 

while ASI-SSMI and particularly NT2-AMSRE have more sea ice (see also Fig. 12 d). Exceptions to this are NT1-SSMI, ASI-502 

SSMI, and NT2-AMSRE. NT1-SSMI shows even less sea ice (Fig. 10 a), differences reach -10%. ASI-SSMI (Fig. 10 d) and 503 

NT2-AMSRE (Fig. 10 j) show more sea ice than the ensemble mean; differences are < 6% for ASI-SSMI but exceed 10% for 504 

NT2-AMSRE. Important to note are is the fringe of large, ~ -10%, negative differences of ~ -10% along most of the Antarctic 505 
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coast for SICCI-50km (Fig. 110 h). Careful check of these regions in the daily and monthly SICCI-50km sea-ice concentration 506 

maps reveals that Likeas forin the Arctic, the coarse resolution of the 6.9 GHz frequency channels combined withapplication 507 

of land-spill over filter and open water filters can result in the unwanted removal of grid cells withsea ice from grid cells 508 

(compare Fig. 87 h) and discussion of it) with the same influence on SICCI-50km SIA and SIE values. We are therefore 509 

confident that the comparably small February SICCI-50km SIA and SIE values (Fig. 87 b, d) are, like in the Arctic, caused by 510 

a too aggressive filtering. This is also evident in Fig. 12 d) where SICCI-50km exhibits the largest inter-product differences 511 

within group I. 512 

Figure 11 g) agrees with these findings. NT1-SSMI and NT2-AMSRE stand out by providing the smallest and the largest 513 

September mean sea-ice concentration, respectively. The overall mean NT1-SSMI September sea-ice concentration is smaller 514 

than EUMETSAT-OSISAF – ESA-CCI (group I, compare Sect. 3.2) by 7-9%, and group II (CBT-SSMI, NOAA-CDR, CBT-515 

AMSRE, and NT2-AMSRE) by 9-14%; 14% is for NT2-AMSRE. The overall mean NT2-AMSRE September sea-ice 516 

concentration exceeds those from group I by 5-6%, and the other products within group II by 3-4%. Between the EUMETSAT-517 

OSISAF – ESA-CCI products (group I), sea-ice concentration differences are within ±1.1%, consistent to the Arctic where 518 

these differences are within ±0.7% (Fig. 11 a). 519 

The sea-ice concentration differences shown in Fig. 11 j) confirm the observations from Fig. 10. As for September 520 

(compare Fig. 11 g), NT2-AMSRE stands out as the product with a substantially larger mean sea-ice concentration than all 521 

other products in February; differences range from 6.5% for ASI-SSMI to 12% for NT1-SSMI. Compared to September, NT1-522 

SSMI stands out less in February. Sea-ice concentration differences within group II (excluding NT2-AMSRE) are smaller for 523 

CBT-AMSRE but larger for the other two products. Differences within group I are as small as for September, i.e. within 524 

±1.1%, but not for SICCI-50km (as can be expected from Fig. 10 h). Note that we show February (Fig. 11 j) instead of January 525 

(Fig. 10) to be consistent with the SIA and SIE differences shown in Figure 11 k), l) and refer the reader to Fig. G2 a, b) in 526 

App. G for comparison of the sea-ice concentration difference matrices of months January and February. 527 

For the results shown in Fig. 6 through Fig. 112 we used the truncated sea-ice concentration values as far as it concerns 528 

the group IEUMETSAT-OSISAF – ESA-CCI products. Repeating these computations with the non-truncated values, e.g. infor 529 

September and March, does not change the results with respect to SIE. because only the 15% sea-ice concentration threshold 530 

counts which is not changed by this action. With respect to SIA we find an increase by ~50 000 km² in the respective winter 531 

months and there is almost no impact infor the summer months. 532 

3.5 Summary and discussion of sea-ice area and extent findings 533 

The partly substantial inter-product mean sea-ice concentration differences (Figures 8 through 12) are associated with a 534 

notable impact on SIA and SIE (Fig. 9 and Fig. 12). For summer SIE, inter-product differences are below ~200 000 km² 535 

(Arctic, Fig. 9 f) and below ~300 000 km² (Antarctic, Fig. 12 f) for most products. NT1-SSMI (Arctic) and SICCI-50km, NT1-536 

SSMI, NT2-AMSRE (Antarctic) show the largest differences here. For winter SIE, most inter-product differences are below 537 

~200 000 km² for the Antarctic (Fig. 12 c); larger differences are mostly found for NT1-SSMI (see also Fig. 7 c). For the Arctic 538 

(Fig. 9 c), inter-product differences range between 100 000 km² and 600 000 km² and seem to be associated with the type of 539 

algorithm and partly also the sensor. 540 

For Arctic winter SIA (Fig. 9 b), group III products provide systematically smaller values (by ~400 000 km²) than the 541 

other three groups while group II SSMI products provide systematically larger values (by ~300 000km²). Group I and CBT- 542 

and NT2-AMSRE exhibit the lowest inter-product SIA differences. For Arctic summer SIA (Fig. 9 e), group II and IV products 543 

agree with each other within 100 000 km² but exceed group I SIA by ~400 000 km². This equals to 10% of the summer 544 

minimum Arctic SIA. For Antarctic summer SIA (Fig. 12 e), NT2-AMSRE exceeds SIA of all other products by ~400 000 545 

km². This equals 20% of the summer minimum Antarctic SIA. SIA differences between the other products are almost all < 546 
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200 000 km². For Antarctic winter SIA (Fig. 12 b), NT2-AMSRE and NT1-SSMI stand out with very large systematic 547 

differences to all other products. 548 

We summarize our findings from the matrices in Fig. 9 and Fig. 12 (see also App. G1 to G6) as follows: i) Absolute and 549 

relative (to the respective minimum or maximum value) inter-product differences are smaller for SIE than for SIA. ii) SIA and 550 

SIE derived from products of different algorithms of the same group (see Table 2) may differ considerably. iii) Inter-product 551 

differences for SIA and SIE for the investigated CDRs are, on average, larger for the Arctic than the Antarctic. 552 

We note that the grid resolution of the products is not necessarily compatible with the true spatial resolution because the 553 

footprints of the satellite sensor channels used in some of the algorithms is coarser (Table 2). This applies to NT1-SSMI, CBT-554 

SSMI, NOAA-CDR, and OSI-450, i.e. the products at 25 km grid resolution based on SMMR, SSM/I, and SSMIS data. For 555 

these products, we expect that gradients in the sea-ice concentration are more smeared than for products with a better match 556 

between footprint size and grid resolution as, for instance, CBT-AMSRE or SICCI-25km. This is illustrated for OSI-450 and 557 

SICCI-25km in Lavergne et al. (2019, Figure 6). For a typical wintertime Antarctic ice edge at 65°S comprising half a compact 558 

and half an open sea-ice cover, this difference in the match of true resolution and grid resolution between SSM/I and AMSR-559 

E products would result in a slightly larger SIE (by ~200 000 km²) derived from the SSM/I product. This is because a compact 560 

ice edge is smeared more in the SSM/I product, resulting in more grid cells with a sea-ice concentration > 15%, the threshold 561 

used currently to compute SIE. In fact we find that during winter OSI-450 SIE exceeds SICCI-25km SIE by ~100 000 km² in 562 

the Arctic (Fig. 9 c) and by ~200 000 km² in the Antarctic (Fig. 12 c). Since the algorithms used for the sea-ice concentration 563 

retrieval for these two products are almost identical, the difference in SIE can well be attributed to the above-mentioned impact 564 

of differences between true and grid resolution. The second pair of almost identical algorithms is CBT-SSMI and CBT-565 

AMSRE. In the Arctic, in winter, CBT-SSMI SIE exceeds CBT-AMSRE SIE by ~400 000 km² (Fig. 9 c) but in the Antarctic 566 

CBT-SSMI SIE is smaller than CBT-AMSRE SIE by ~100 000 km² (Fig. 12 c). Differences in the algorithm itself and/or in 567 

the weather filter might be the cause. We refer to the discussion at the end of Sect. 3.2 in this context. 568 

4 Comparison with near-100% SIC reference data set 569 

In this section, we present the results of the evaluation of the ten products at 100% sea-ice concentration using the data 570 

described in Sect. 2.2. We note that this is an extension of the analysis shown in Lavergne et al. (2019), where the non-truncated 571 

SICCI-25km, SICCI-50km and OSI-450 sea-ice concentrations were used, i.e. including the natural geophysical retrieval noise 572 

with a certain fraction of the sea-ice concentration values above 100% (see Sect. 2.1.4). Here, in contrast, we need to focus on 573 

the truncated products, i.e. those constrained to the sea-ice concentration range 0% … 100%, because none of the other products 574 

provide access to the non-truncated sea-ice concentration values. 575 

We note upfront that caution should be exercised when reporting and interpreting evaluation statistics like bias (mean 576 

value minus 100%) or root mean square error, near the 100% end of truncated sea-ice concentration products. This applies to 577 

the results presented in this section but also to Sect. 5. First, the bias of truncated products will necessarily be negative or zero 578 

(mean value lower than or equal to 100%), even if though the bias of the product was exactly 0% before truncation. Second, 579 

products whose non-truncated distribution is biased high (modal value larger than 100%) will seemingly achieve better 580 

evaluation statistics after truncation, because of the accumulation of values > 100% being folded to exactly 100%. Both bias 581 

and RMSE of these products are smaller than those of products that do not overestimate at 100% sea-ice concentration. The 582 

larger the fraction of truncated values, the better the statistics. This is also illustrated in Fig. 3, where we infer the distribution 583 

of non-truncated values (red) from the distributions of truncated products (black). The values that accumulate at the 100% bin 584 

in the truncated product are in majority from the above 100% range of the non-truncated distribution (note the value of F99 in 585 

Fig. 3), and improve the evaluation statistics (bias and RMSE). In fact, under the hypothesis that the distribution of the retrieved 586 

sea-ice concentration is mostly Gaussian around the modal value before truncation, products with overestimation of the non-587 
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truncated distribution can be recognized by their abnormal (with respect to a Gaussian model) accumulation of values exactly 588 

at 100%. In the following, we thus start our analysis of the comparison against the near-100% sea-ice concentration reference 589 

data with a description of the observed distribution of values, using frequency histograms. We then report bias and RMSE 590 

values of the truncated and non-truncated sea-ice concentrations, using Gaussian fits (Sect. 2.1.4). 591 

For more discussion and quantification of the error distribution of sea-ice concentration products and algorithms before 592 

truncation around 100% (and around 0%), see Ivanova et al. (2015). 593 

4.1 Arctic  594 

The distribution of the sea-ice concentration near 100% is shown for the Arctic for each product in Fig. 132 a) in form 595 

of the cumulative fraction of the deviation (bias) from 100% as a colour coded vertical bar. As expected the cumulative fraction 596 

increases towards 1.000% for all products. Distributions within the pair: SICCI-25km and OSI-450 as well as the pair: CBT-597 

SSMI and CBT-AMSRE are quite similar, as expected; distributions of SICCI-12km and ASI-SSMI are similar particularly at 598 

the uppermost five to six bins. Apart from these similarities, cConsiderable differences between the products are evident. 599 

Group I EUMETSAT-OSISAF – ESA-CCI products (see Table 2) exhibit a cumulative fraction between ~0.5 (SICCI-50km) 600 

and ~0.7 (SICCI-12km) in the last bin but one, i.e. in bin -1.5% … -0.5%. Both CBT Group II products, and NT1-SSMI and 601 

NOAA-CDR exhibit a substantially lower cumulative fractions for this bin: between ~0.2 (NOAA-CDR, see also F99 in Fig. 3 602 

c) andto ~0.4 (NT1-SSMI). Consequently, the change in cumulative fraction to the last bin is between 0.6 and 0.8 for group II 603 

and NT1-SSMI but only between 0.3 and 0.5 for group I. The respective F99 values in Fig. 3 and App. H suggest that a large 604 

portion of the cumulative fraction in the last bin is in fact due to sea-ice concentrations > 100% being set to 100% (i.e. 605 

truncated). The distributions for these products look like as if one has taken the distribution of, for instance, OSI-450 but 606 

deleted the fractions of (at least) bins -1.5% … -0.5% and -2.5% … -1.5% if not also -3.5% … -2.5%; the distributions look 607 

incomplete. ASI-SSMI and NT2-AMSRE exhibit a cumulative fraction of ~0.8 in the last but one bin. However, while the 608 

cumulative fraction increases slowly towards a value of 0.8 for ASI-SSMI, fFor NT2-AMSRE, the cumulative fractionit 609 

increases abruptly from < 0.1 in bin -2.5% … -1.5% to ~0.8 in bin -1.5% … -0.5%. This behaviour is completely different to 610 

all other products and confirms the results of Andersen et al. (2007) and Ivanova et al. (2015). For their inter-comparison of 611 

sea-ice concentration algorithms in the high Arctic, Andersen et al. (2007) extended the range within which the NT2 algorithm 612 

permits to retrieve the sea-ice concentration to 120%, in order to be able to properly compare all algorithms with respect to 613 

their precision close to 100%. The original implementation of the NT2 algorithm is constrained to sea-ice concentrations up 614 

to 100%. Ivanova et al. (2015)They also aimed to compare the precision of existingseveral sea-ice concentration algorithms at 615 

100% by means of computing the standard deviation of the sea-ice concentration at 100%. They were, however, unable to 616 

obtain standard deviations with a comparable statistics because of large positive biases for the, e.g., NT2 and ASI algorithms 617 

and because of the truncation of sea-ice concentrations at 100%. Only by constructing a reference sea-ice concentration of 618 

75%, Ivanova et al. (2015) were able to carry out a comparison of the sea-ice concentration standard deviation based on non-619 

truncated sea-ice concentrations.  620 

These cumulative distributions suggest that an inter-comparison of the mean difference to 100%, i.e. the bias, and its 621 

standard deviation, i.e. the precision, should be carried out by means of the Gaussian fit proposed in Subsection 2.1.4 and Fig. 622 

3. Consequently, the mean sea-ice concentrations of the ten products shown by the black symbols in Fig. 143 a) for the Arctic 623 

near-100% reference sea-ice concentration locations are the modal values of the Gaussian fits. and tThe error bars denote one 624 

standard deviation of this fit around the modal value. The blue symbols and error bars denote the respective mean and one 625 

standard deviation computed from the non-truncated EUMETSAT-OSISAF – ESA-CCI group I sea-ice concentration 626 

products. All values shown here are summarized together with the results obtained from the truncated sea-ice concentration 627 

products in Table 3.  628 
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Figure 143 a) confirms our hypothesis that those products where the cumulative distributions seem to contain a large 629 

fraction of sea-ice concentrations larger than 100% set to 100%be incomplete (Fig. 132 a), i.e. the group IItwo CBT products, 630 

and NT1-SSMI and NOAA-CDR, are likely to over-estimate the actual sea-ice concentration. These products reveal a modal 631 

sea-ice concentration > 100% according to the Gaussian fit applied; tThe over-estimation is particularly high for NOAA-CDR 632 

with a modal sea-ice concentration of ~103% (see also Table 3). Of tThe group IEUMETSAT-OSISAF – ESA-CCI products 633 

SICCI-50km (99.5%), OSI-450 (99.0%), SICCI-25km and SICCI-12km, in this order, exhibit modal sea-ice concentrations 634 

that are slightly below and closest to the near-100% reference. Figure 13 a) illustrates that tThe Gaussian fit almost perfectly 635 

matches the actually observed non-truncated sea-ice concentration for SICCI-50km also in terms of the standard deviation 636 

(compare blue and black symbols in Fig. 143 a) and Table 3). The match is less accurate good for OSI-450 and SICCI-25km, 637 

where the mean observed sea-ice concentration falls below the fitted one by ~1%. 638 

In addition, Fig. 143 a) and Table 3 confirm our hypothesis that the group IItwo CBT products, and NT1-SSMI and 639 

NOAA-CDR, are likely to havexhibit a standard deviation that is lowered considerably by truncating sea-ice concentrations to 640 

a maximum of 100%. All four products exhibit a standard deviation around the modal sea-ice concentration from the Gaussian 641 

fit of 4-5%, while the standard deviation computed from the truncated SICs is < 2% for the two CBT products and NOAA-642 

CDR (Table 3). For This is illustrated by theEUMETSAT-OSISAF – ESA-CCI products the standard deviations of the non-643 

truncated and the truncated sea-ice concentration for group I products exceeds that of the truncated one systematically, as 644 

expected, by 0.4-0.6% (Table 3). Under the assumption that the standard deviation of the Gaussian fit is a better measure of 645 

the spread in sea-ice concentrations near (but below) 100%, we state that the CDRs of group I: SICCI-50km, OSI-450, and 646 

SICCI-25km allow a better precision than group II productsof ~2%, ~3%, and ~3%, respectively, while products such as 647 

NOAA-CDR or the CBT products allow a precision of ~5% and ~3.5%, respectively. We also confirm the findings of Lavergne 648 

et al. (2019) that the EUMETSAT-OSISAF - ESA-CCI group I products are slightly – but significantly – biased low. 649 

For ASI-SSMI and NT2-AMSRE, the application of a Gaussian fit is potentially not justified given the way sea-ice 650 

concentrations are retrieved. ASI-SSMI is non-linear near 100% (Kaleschke et al., 2001) while no statement about the 651 

functional relationship of the input satellite data and the retrieved sea-ice concentrations can be made for NT2-AMSRE 652 

(Markus and Cavalieri, 2000; Brucker et al., 2014). Our analysis, however, results in a reasonable Gaussian fit for ASI-SSMI 653 

in terms of RMSD of the fitted histogram (0.0062) as well as values for F99: 0.806 and ∆F99 (0.001) (see App. H, Fig. H1 a). 654 

We are confident therefore that the values taken from the fit and shown in Fig. 143 a) and Table 3 can be used. In contrast, the 655 

NT2-AMSRE sea-ice concentration distribution does not allow reasonable application of a Gaussian fit (see App. H, Fig H1 656 

j) and we do not report it along with the others in Fig. 14 a). and the respective values shown in Fig. 13 a) and Table 3 (and 657 

also Fig. 13 b) and Table 4) have to be interpreted carefully. We note that Andersen et al. (2007) reported a mean NT2 sea-ice 658 

concentration of ~105% with a standard deviation of ~5% at near-100% sea-ice concentrations for their unconstrained version 659 

of this algorithm. Note that the standard deviation of 1.7% provided in Table 3 for the Gaussian fit of NT2-AMSRE is actually 660 

a weighted mean RMSD obtained from an evaluation of NT2-AMSRE sea-ice concentration data against satellite Landsat and 661 

air-borne optical imagery (Cavalieri et al., 2006). The respective standard deviation of 3.2% provided in Table 4 is a weighted 662 

mean RMSD obtained from an evaluation of NT2-AMSRE sea-ice concentration data against satellite MODIS optical imagery 663 

(Cavalieri et al., 2010).  664 

Finally, we remark that the results of this comparison are based on data from winter months (see Sect. 2.2). But also 665 

during winter temperatures can get close to 0°C which might influence the brightness temperatures used to compute the sea-666 

ice concentration and which also questions the assumption of prevailing freezing conditions applied in the generation of the 667 

near-100% reference sea-ice concentration data set. By using the co-located air temperature from ERA-Interim reanalysis data 668 

included in the RRDP2 data set (Pedersen et al., 2019), we repeated our analysis for cases with air temperatures below -10°C. 669 

We find that biases between satellite and reference sea-ice concentrations change by less than 0.1% for all products except 670 
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NT1-SSMI for which we find a reduction in the bias by 0.3-0.4% when constraining the analysis to cold cases. The same 671 

finding applies to the Antarctic (see Sect. 4.2) where the reduction in the bias for NT1-SSMI is even higher: 0.6-0.7%. 672 

 673 

4.2 Antarctic 674 

The cumulative fraction of the deviation (bias) from 100% fFor the Antarctic (Fig. 13 b), we find more similarities in 675 

the cumulative fractions of the deviation from 100% sea-ice concentration of the ten products is shown in Fig. 12 b). While 676 

we again observe considerable differences between the products, we find more similarities between products than for the 677 

Arctic. Common to all products, that show a gradual increase of the cumulative fraction, i.e. all products except NT2-AMSRE 678 

and ASI-SSMI, is a notable step change in the cumulative fraction between the last but one bin (-1.5% … -0.5%) and the last 679 

bin. around 0%. This step change is least pronounced for NT1-SSMI and most pronounced for NOAA-CDR exhibiting 680 

cumulative fractions of ~0.8 and ~0.4, respectively, in at the last but one bin (see also F99 value in Fig. 3 f). Step changes 681 

areseem slightly larger for the two CBT products with a cumulative fraction: 0.4-0.5 compared to than for the group 682 

IEUMETSAT-OSISAF – ESA-CCI products with cumulative fractions of 0.5-0.6 (see also F99 values in Fig. 3 d), e)). Again, 683 

as expected, CBT-SSMI and CBT-AMSRE are very similar as are SICCI-25km, OSI-450 and, this time also, SICCI-12km 684 

(compare with Fig. 12 a). The For ASI-SSMI the cumulative fractiondistribution of ASI-SSMI sea-ice concentration biases 685 

seems to levels off before the last bins (seewhich is also confirmed by athe F99 value of the Gaussian fit of 0.93 (see App. H, 686 

Fig. H2 a)., indicating that 93% of the ASI-SSMI sea-ice concentrations at the near-100% reference sea-ice concentration 687 

locations are below 99.5%. Similar to the Arctic, tThe distribution for NT2-AMSRE is extremely narrow.; only the last two 688 

bins are occupied with the last but one bin exhibiting a cumulative fraction of ~0.25, suggesting that About 75% of the NT2-689 

AMSRE sea-ice concentrations at the near-100% reference sea-ice concentration locations are above 99.5%. This behaviour 690 

is, like infor the Arctic, completely different to all other products and agrees withecho the findings of Ivanova et al. (2015), 691 

see also our discussion in Sect. 4.1.  692 

Figure 13 b) and Table 4 illustrate that, when using the Gaussian fit as a measure, all Group I and II products except 693 

ASI-SSMI, NT1-SSMI and NT2-AMSRE provide a modal sea-ice concentration which deviates by less than ~1% from 100% 694 

(Fig. 14 b), Table 4). While group II the two CBT products and NOAA-CDR tend to exhibithave a modal sea-ice concentration 695 

> 100%, all EUMETSAT-OSISAF – ESA-CCI group I products havexhibit modal sea-ice concentrations < 100%. NT1-SSMI 696 

and ASI-SSMI both under-estimate the near-100% reference sea-ice concentration by ~5%. We find that the mModal sea-ice 697 

concentrations obtained with the Gaussian fit agrees within 0.5% to the actually measured mean sea-ice concentration derived 698 

from the non-truncated values of group Ithe EUMETSAT-OSISAF – ESA-CCI products (compare black and blue symbols in 699 

Fig. 143 b). In addition, the rRespective standard deviations match better in the Antarctic than the Arctic and are systematically 700 

smaller for the truncated than the non-truncated results (compare black and blue bars Fig. 143 a) and b) as well as Table 3 and 701 

4). Like in the Arctic, using the non-truncated EUMETSAT-OSISAF – ESA-CCI products results in a systematically larger 702 

standard deviation, as expected, by 0.5 to 1.0% (Table 4), than obtained with the truncated products. We can confirm the notion 703 

from Sect. 4.1 that application of the Gaussian fit results in a larger standard deviation fFor group IIthe two CBT products and 704 

NOAA-CDR. Uusing the the Gaussian fit method suggeststruncated products results in a standard deviations between ~4.5% 705 

and ~5.5% while using the truncated values results in a standard deviation between 2.0% and 2.5% while the Gaussian fit 706 

suggests standard deviations of ~4.5% for CBT-SSMI and NOAA-CDR and ~5.5% for CBT-AMSRE. Following our 707 

assumption in Sect. 4.1, we state Therefore, again under the assumption that the standard deviations obtained from the Gaussian 708 

fit of the sea-ice concentration distribution at the near-100% reference sea-ice concentration locations is a reasonable measure 709 

for the spread of the concentration values, we find highest  a better precision for group I products: SICCI-50km, SICCI-25km, 710 

and OSI-450 than group II products with standard deviations of 2.5%, 3.0% and 3.0%, respectively. For CBT-SSMI, NOAA-711 

CDR, and CBT-AMSRE we find a lower precision with standard deviations of ~4.5%, 4.5%, and 5.5%, respectively. Similarly 712 
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but to a lesser extent than in the Arctic, the EUMETSAT-OSISAF – ESA-CCI group I products are slightly biased low with 713 

respect to the validation data set. 714 

4.3 Summary and discussion of  the evaluation near 100% 715 

In near-100% sea-ice concentration conditions, most retrieval algorithms will naturally retrieve somebell-shaped 716 

distribution of values , returning values both below and abovearound 100% sea-ice concentration, i.e. also values > 100%. 717 

However, these above-100% values are almost never accessible to the user, and thus generally not accessible for validation. 718 

Here, we used the availability of these “off-range” estimates in the group Ifour EUMETSAT-OSISAF - ESA-CCI products to 719 

demonstrate how the entire“off-range” distribution around 100% can effectively be reconstructed a-posteriori from the 720 

products with truncated sea-ice concentration distributions (Fig. 3, App. H). This Gaussian-fit methodology allows us to go 721 

deeper in the analysis of near-100% conditions. Indeed, if the analysis had been limited to the truncated distributions only 722 

(shown in Fig. 132), algorithms that over-estimate sea-ice concentration (modal value of the non-truncated distribution larger 723 

than 100%) would obtain better validation statistics (smaller bias and RMSE) than products without such no over-estimation 724 

(modal value of the non-truncated distribution exactly at 100%). The larger the over-estimation, the better the statistics would 725 

be. Using the Gaussian fit, we unveil a possible over-estimation of several sea-ice concentration products, including NT1-726 

SSMI, CBT-SSMI, and NOAA-CDR in the Arctic, and NOAA-CDR (but only slightly) in the Antarctic sea-ice conditions. 727 

This Gaussian-fit methodology also confirms that group Ithe EUMETSAT-OSISAF - ESA-CCI products are slightly low 728 

biased in the Arctic (as already documented bysee Lavergne et al., 2019). The worst of these biases we find in the Arctic for 729 

SICCI-12km that was not openly distributed at the end of the ESA CCI Sea Ice Phase 2 project, partly based on these results. 730 

Our results suggest that group I products, i.e., the three CDRs OSI-450, SICCI-25km and SICCI-50km, are more 731 

accurate and have a higher precision than the fourth CDR investigated: NOAA-CDR; this applies to both hemispheres. Group 732 

I products can be regarded as being superior, in terms of the precision and accuracy, to NT1-SSMI and CBT-SSMI as well. 733 

Our results furthermore confirm earlier work (Andersen et al., 2007; Ivanova et al., 2015) that the accuracy of NT2-algorithm 734 

products near 100% cannot be quantitatively assessed. We hypothesize that this is merely caused by the fact that sea-ice 735 

concentrations are constrained to a maximum of 100% by the algorithm concept. This is fundamentally different to the other 736 

nine products investigated. In the iterative retrieval used in the NT2 algorithm, sea-ice concentrations are only allowed to 737 

converge at 100% from one side, i.e. < 100% - in contrast to other iterative algorithms such as, e.g., the polynya signature 738 

simulation method (PSSM) (Markus and Burns, 1995). Another element of the NT2-algorithm, which complicates quantitative 739 

assessment of the accuracy near 100% sea-ice concentration, is the usage of model atmospheres to create look-up tables from 740 

which the sea-ice concentration is retrieved. This approach likely reduces the natural variability of the obtained sea-ice 741 

concentration. We refer to Brucker et al. [2014] for more details of NT2-algorithm sea-ice concentration uncertainty. 742 

The results of the comparison in Sect. 4.1 and 4.2 are based on winter data (see Sect. 2.2). But also during winter 743 

temperatures can get close to 0°C influencing the brightness temperatures used to compute the sea-ice concentration and 744 

questioning the assumption of freezing conditions for generation of the near-100% reference sea-ice concentration data set. 745 

By using the co-located air temperature from ERA-Interim reanalysis data included in the RRDP2 data set (Pedersen et al., 746 

2019), we repeated the analyses for cold cases, i.e., air temperatures below -10°C. We find that biases between satellite and 747 

reference sea-ice concentrations change by less than 0.1% for all products except NT1-SSMI. For NT1-SSMI constraining the 748 

analyses to cold cases yields a bias reduction by ~0.4% for the Arctic and ~0.7% for the Antarctic, indicating that this particular 749 

algorithm is more sensitive than others to variability of air temerature. 750 
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5 Comparison with ship-based visual sea-ice cover observations 751 

In this section, we present the results of the evaluation of the ten products at intermediate sea-ice concentrations by means 752 

of an inter-comparison to the visual ship-based observations described in Sect. 2.3. Like in Sect. 4 we show the results 753 

separately for the Arctic (Sect. 5.1) and the Antarctic (Sect. 5.2). 754 

Upfront we note the limitations of the manual ship-based visual sea-ice cover observations used here. They were collected 755 

by a myriad of different observers with different levels of experience for this task. For an untrained observer it is relatively 756 

straightforward to estimate the total sea-ice concentration for closed ice conditions, i.e. > 80%, or very open ice conditions, 757 

i.e. < 30%. It is more difficult, however, to estimate whether sea ice covers, e.g. 40% or 50% of the 1 km radius area around 758 

the ship. Therefore, we can expect a reduced accuracy for ship-observations of the intermediate sea-ice concentration range 759 

from ~30% to ~ 80%. At the same time, this is possibly the sea-ice concentration range where the different spatial scales of 760 

the two kind of observations compared here have the largest impact on the results. Note that Worby and Comiso [2004] reported 761 

an uncertainty estimate between 5% and 10% for the total sea-ice concentration based on observations of the same scene by 762 

different observers. To the best knowledge of the authors, papers about a better quantification of the accuracy of these 763 

observations have not been published since then.  764 

In addition, ship observations were collected under different weather and daylight conditions as well as during ship 765 

transits with different ship speeds. The first two points influence the visibility and change the visual appearance of sea ice and 766 

openings, and can result in a larger spread of an observed sea-ice concentration value around the actual value. Different weather 767 

conditions also have an influence on the size of the area actually observed around the ship that is difficult to quantify. This 768 

observation area is supposed to be of one kilometre radius but it can be assumed that it is smaller in case of poor visibility than 769 

it is in case of clear-sky, good visibility conditions; visibility is not regularly reported along with the ice observations. A single 770 

observation of the sea-ice conditions takes a certain amountperiod of time. The duration of this period, which is a function of 771 

the experience of the observer. The observation area around the ship’s’ track represented by a single observation is hence a 772 

function of the ships’ speed and of the experience of the observer. As long as ice conditions do not change for a few kilometres 773 

this does not matter but in highly heterogeneous ice conditions, this can be important. Therefore, there is a variable 774 

representativity of the observed sea-ice conditions around and along the ship’s’ track (see Sect. 6.1.4).  775 

Ships often tend to avoid thick and deformed sea ice and ship-track forecasts are often optimized accordingly (e.g. 776 

[Pizzolato et al., 2016; Kuuliala et al., 2017]). Ship-based observations therefore often represent the thinner ice categories 777 

and/or conditions encountered in leads or openings. These are frozen over with sea ice in winter but are open water in summer. 778 

Therefore, particularly during summer or episodes of warmer weather, the sea-ice concentrations from the small scale ship-779 

based observations are likely lower than from the larger scale satellite microwave radiometry. According to Ivanova et al. 780 

(2015), microwave radiometry tends to underestimate sea-ice concentrations over very thin (< 15 cm) ice. This suggests that 781 

during winter, sea-ice concentrations from ship-based observations could be, contrary to summer, slightly higher than from 782 

satellite microwave radiometry. 783 

A systematic investigation that allows quantification of the uncertainty in ship-based sea-ice observations has not been 784 

carried out yet and is beyond our scope. Even though we do not use single ship-based observations but follow Beitsch et al. 785 

(2015) and average over all ship-based sea-ice observations along the ship’s’ track of one day, discarding days with less than 786 

three observations (see Sect. 2.3), we cannot rule outexclude that some of these daily average observations are biased because 787 

of the reasons discussed above.   788 

5.1 Arctic  789 

The first question to answer is how the two sorts of observational data (ship and satellite) are distributed over the sea-790 

ice concentration range from 0% to 100%. This is illustrated in Fig. 14 in the form of histograms showing the number of sea-791 

ice concentration data falling into bins as described in Sect. 2.3. We find relatively few observations, in total less than 60 daily 792 
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average along-track mean sea-ice concentration values, for bins < 55% sea-ice concentration. This applies to both ship and 793 

satellite observations, with the exception of NT1-SSMI (Fig. 14 a) with ~130 sea-ice concentration values in these lower 794 

concentration bins. Between 40 and 60 ship observations fall into each of the bins centred at 60% to 80%. The majority of the 795 

ship observations fall into the two bins with highest sea-ice concentrations: 110 into bin 85-95% and 125 into bin 95-100%. 796 

The products NT1-SSMI, OSI-450, SICCI-25km, and SICCI-50km (Fig. 14 a, e, g and h) exhibit the largest number of 797 

observations in bin 85-95%. All other products exhibit the largest number of observations in bin 95-100% (Fig. 14 b, c, d, f, i 798 

and j). Differences in the occupation of the two high-concentration bins are large for, e.g., NT2-AMSRE (Fig. 14 i): 95 and 799 

CBT-SSMI (Fig. 14 b): 130 while for EUMETSAT-OSISAF – ESA-CCI products and ASI-SSMI, values distribute relatively 800 

evenly into the two high-concentration bins. 801 

Overall, for the Arctic, all ten products compare reasonably well to the ship-based observations (Fig. 15, Table 5). However, 802 

the daily average along-track mean sea-ice concentrations scatter substantially around the diagonal. At high concentrations (> 803 

~80%), group I productsEUMETSAT-OSISAF – ESA-CCI and ASI-SSMI products (Fig. 15 d to h) exhibit the most symmetric 804 

distributions around the identity linediagonal. NT1-SSMI (Fig. 15 a) hashows an asymmetric distribution with a considerable 805 

fraction of satellite sea-ice concentrations even below< 60%, translating into a difference between satellite- and ship-based 806 

sea-ice concentrations of up to 40%. Group II and IVBoth other AMSRE products: CBT and NT2 (Fig. 15 b, c, i, j), and the 807 

two remaining SSM/I products: CBT-SSMI and NOAA-CDR (Fig. 15 b, c), show an asymmetric distribution with more high 808 

satellite-based than high ship-based sea-ice concentrations. For mMost products have, substantially more data pairs are situated 809 

below the identity linediagonal, i.e.,suggesting that satellite-based are smaller than ship-based sea-ice concentrations. This i as 810 

illustrated by a negative overall bias and regression lines located below the identity1-to-1 fit line for six of the ten products 811 

(see Table 5). Group II and IVCBT-AMSRE, NT2-AMSRE, CBT-SSMI, and NOAA-CDR products provide the smallest 812 

absolute overall bias of < 1%. Biases are larger for group I but at the same time the standard deviation of the difference (SDEV) 813 

is smallest for group I products. Highest correlations are obtained for CBT-AMSRE and group I products, except OSI-450. 814 

Best linear fits, i.e. slopes closest to the identity line, we find, however, for, but while CBT-SSMI and NOAA-CDR are the 815 

two products with slopes of the linear regression being closest to 1: 0.994 and 0.998, respectively, CBT-AMSRE and NT2-816 

AMSRE are the two products with such slopes deviating most from 1: 1.063 and 1.061, respectively. The three ESA-CCI 817 

products provide – together with CBT-AMSRE – the highest squared linear correlation: 0.775 (SICCI-50km) to 0.784 (SICCI-818 

12km).  819 

In Fig. 15, several of the products exhibit points along the y=0% sea-ice concentration line, i.e. conditions where sea-820 

ice cover is reported by the ship-based estimate while the satellite estimates exactly 0%. This applies most to CBT-SSMI, 821 

NOAA-CDR, ASI-SSMI, and CBT-AMSRE (Fig 15 b, c, d and j). These points with zero daily mean sea-ice concentration 822 

are very likely the result of the weather filters applied (Sect. 2.1.3), which besides removing false sea ice caused by atmospheric 823 

effects, also removes true sea ice (Ivanova et al., 2015; Lavergne et al., 2019). The combination of explicit atmospheric 824 

correction and dynamic tuning of the weather filter in the EUMETSAT-OSISAF – ESA-CCI  products seems to reduce the 825 

occurrence of such cases (Fig. 15 e, f and g) notably. Also NT1-SSMI (Fig. 15 a) and NT2-AMSRE (Fig. 15 i) exhibit a 826 

comparably small number of satellite sea-ice concentration at exactly 0% at non-zero ship-based concentrations. These 827 

observations agree well with the results shown in Fig. 1 – except for ASI-SSMI. 828 

Now we briefly compare the results obtained for the How do results of the entire year compare towith those obtained 829 

separately for winter or summer months (see Fig. 5 for differences in the location of the ship-based observations)?. For winter 830 

(highest correlation is obtained for SICCI-50km: R² = 0.606) fFor all products, the correlationR²  is lower in winter thanwhile 831 

for summer and the entire year. (highest correlation is obtained for SICCI-12km:  R² = 0.784) R² is a little higher than for the 832 

entire year. For winter, Tthis can be explained by fewer observations during winter in general and by substantially lessfewer 833 

low sea-ice concentrations values at lower concentrations; most observations during winter are > 75%. Except for ASI-SSMI, 834 

the differences in the bias between summer, winter and the entire year are small (The bias changes mostly by mostly <less 835 
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than 1%). All products except SICCI-12km and ASI-SSMI provide a lower SDEV in winter than summer. Compared to the 836 

other groups, group I exhibits smallest SDEV in summer while group II does so in winter.  between summer, winter and the 837 

entire year. ASI-SSMI provides the by far largest change in bias between winter and summer: 4.9%, while OSI-450 stands out 838 

with anthe smallest inter-seasonal bias change of only ~0.1% in bias and SDEV of only ~0.1% (Table 5, see also Sect. 6.1.4). 839 

Almost all products provide a lower standard deviation (SDEV) for winter than summer, except SICCI-12km and ASI-SSMI. 840 

For winter, CBT-SSMI has the smallest SDEV: 10.9% while NOAA-CDR, SICCI-25km and SICCI-50km are slightly higher: 841 

~11.7%. For summer, EUMETSAT-OSISAF – ESA-CCI products provide the smallest SDEV: 11.7% to 12.9%. Again, OSI-842 

450 stands out with an inter-seasonal SDEV change of only ~0.1%, followed by SICCI-25km and CBT-AMSRE with a value 843 

of 0.5%; CBT-SSMI provides the largest such change: 3.6%. 844 

Binning the sea-ice concentrations of one data set, e.g. ship observations, into 10% wide bins and computing the mean 845 

sea-ice concentration of the other data set, e.g. here satellite observations, results in the red symbols in Fig. 15; doing the same 846 

but exchanging ship- and satellite observations in the blue symbols in Fig. 15. The motivation for such a step We want to better 847 

visualize the average distribution of the two data sets and investigate the partitioning of the data into sea-ice concentration bins 848 

of 10% width - comes from the notion in Sect. 2.3 that the average accuracy of the ship-based sea-ice concentration 849 

observations is 10%. For this purpose we bin sea-ice concentrations of one data set, e.g. ship observations, into 10% wide bins 850 

and compute the mean sea-ice concentration of the other data set (Fig. 15, red symbols) and vice versa (blue symbols). The 851 

binned values and associated regression lines illustrate even better the above-mentioned asymmetry in the distribution of the 852 

data pairs. For instance, NT1-SSMI (Fig. 15 a) sea-ice concentrations range between 60% and 100% over a ship-based 853 

observations range of 80 to 100%. Consequently, the average NT1-SSMI sea-ice concentration for ship-observation bin 95%-854 

100% is ~85% (uppermost red triangle), while the average ship-based sea-ice concentration for NT1-SSMI bin 95%-100% is 855 

~95% (uppermost blue square). For two equally well-distributed data sets, one would expect that red and blue symbols and 856 

regression lines are close to each other. This is not the case and we refer to Sect. 6.1.4 for more discussion of this issue.  857 

From these binned values and associated regression lines we find: 1) Ship-based observations in the range 50% to 80% 858 

are under-estimated by the satellite-based ones, particularly by the EUMETSAT-OSISAF – ESA-CCI products as illustrated 859 

in Fig. 15 e to h): a mean satellite sea-ice concentration of 55% compares to a ship-based sea-ice concentration of 70%. The 860 

only product where this is even worse is NT1-SSMI (Fig. 15 a). 2) Red regression line slopes of ESA-CCI products are closer 861 

to 1 than the black ones. For most of the other products – except CBT-SSMI and NOAA-CDR – red regression line slopes 862 

deviate more from 1 than the black ones. 863 

5.2 Antarctic 864 

In the Antarctic, we have a larger relative fraction of ship observations at lower concentrations <50%: ~ 90 values. 865 

Between 25 and 55 values fall into bins 60% to 80%. Bin 85% to 95% is the bin with the highest count of ship observations: 866 

~100 while bin 95% to 100% contains ~70 ship observations. We find a similar distribution over the different sea-ice 867 

concentration bins for all ESA-CCI products (Fig. 16 f, g and h), ASI-SSMI (Fig. 16 d) and OSI-450 (Fig. 16 e). All these 868 

products share a maximum count in bin 85% to 95% and agree with the ship observations count of most other bins within 10 869 

counts. An exception is bin 45% to 55% with considerably more ship than satellite observations. All other products either have 870 

the highest count in bin 95% to 100%, especially NT2-AMSRE (Fig. 16 i), or have a similarly large count for bin 85% to 95% 871 

and bin 75% to 85%: ~80, but a count almost as low as 10 for bin 95% to 100% (NT1-SSMI, Fig. 16 a). We note that all 872 

products have larger counts at sea-ice concentrations < 25% than the ship observations. 873 

The scatterplots of the daily average along-track mean sea-ice concentrations for the Antarctic (Fig. 167) reveal, for 874 

sea-ice concentrations > ~80%, mostly symmetric distributions for seven of the ten products.; only CBT-AMSRE, and 875 

particularly NT1-SSMI and NT2-AMSRE have asymmetric distributions here (Fig 17 j, and a, i). Like in the Arctic, NT1-876 

SSMI has considerably more low than high sea-ice concentration values (compare Fig. 15 a). NT2-AMSRE haexhibits almost 877 
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no data points below the identity1-to-1 fit line at > ~80% with data pairs concentrated at 100% satellite sea-ice concentration. 878 

While the sea-ice concentrations distribute symmetric around the 1-to-1 line for most products until about 50%, there is aA 879 

considerable drop in the count of data values above the identity1-to-1 line at lower concentrations results in a highly and the 880 

distribution becomes asymmetric distribution at concentrations below ~50%. This agrees with Fig. 16 showing a general lack 881 

of ship-based sea-ice concentrations < ~ 20%. Not surprisingly we find the lowest overall biases (see Table 6) for those 882 

products that exhibit more satellite- than ship-based high sea-ice concentrations and, at the same time, less satellite- than ship-883 

based low sea-ice concentrations, i.e. Group II products have the lowest overall biases (Table 6) but slopes of the linear 884 

regression are considerably steeper than the identity line (Fig. 16 b, c, j) in contrast to group III products (Fig. 16 a, d) and 885 

OSI-450 (Fig. 16 e)CBT-SSMI, CBT-AMSRE and NOAA-CDR with biases between -1.4% and -2.3%. We find the largest 886 

bias for NT1-SSMI: -11.0%. NT2-AMSRE showsis the only product with a considerable positive bias: +4.5%. NT1-SSMI, 887 

ASI-SSMI, and OSI-450 all provide slopes of the linear regression close to 1: 0.993, 0.993, and 1.010, respectively. Slopes for 888 

CBT-SSMI, NOAA-CDR and CBT-AMSRE increasingly deviate from 1: 1.057, 1.082, and 1.126, respectively. Highest 889 

correlations between ship- and satellite-based observations we find for group I products and CBT-AMSRE, lowest SDEV 890 

values for group I products as well. The highest overall linear correlation is obtained for SICCI-12km, followed by CBT-891 

AMSRE and the other EUMETSAT-OSISAF – ESA-CCI products. These provide the lowest SDEV values ranging between 892 

13.4% and 14.0% (Table 6), followed by NT1-SSMI and CBT-AMSRE with 14.8%. As is the case in the Arctic, all products 893 

but the EUMETSAT-OSISAF – ESA-CCI ones exhibit data pairs along the y=0% axis, associated with removal of true sea-894 

ice concentration by a weather filter. 895 

In contrast to the Arctic, correlations between ship- and satellite-based sea-ice concentrations are smaller in summer 896 

than winter when correlations are even higher than for the entire year for most products (Table 6) A comparison between the 897 

results of the entire year with those obtained separately for winter and summer (see Fig. 5 for difference in locations) reveals 898 

differences to the Arctic. For winter (highest correlation is obtained for SICCI-12km and SICCI-25km: R² = 0.771) R² increases 899 

for most products compared to the entire year while for summer all products exhibit a smaller R² value (highest correlation is 900 

obtained for SICCI-12km: R² = 0.698). For all products, except group IIIASI-SSMI and NT1-SSMI, biases are smaller in 901 

winter than summer by mostly < 2%. NT2-AMRE is the only product with a positive bias in both seasons. The largest inter-902 

seasonal bias change we findis obtained for CBT-AMSRE: 2.7% and SICCI-25km: 2.9%, respectively, the smallest for CBT-903 

SSMI: 0.4%. For all products, the SDEV is smaller by 3-5% (larger by 2-3%) compared to the entire year in winter (in 904 

summer)while for summer, SDEV values are larger by 2-3%. Inter-seasonal SDEV changes are hence considerably larger in 905 

the Antarctic than infor the Arctic with smallest values of 4.9% and 5.1% for NT1-SSMI and OSI-450, respectively, and largest 906 

value of 9.3% for NT2-AMSRE (compare Tables 5 and 6). 907 

Binning the sea-ice concentrations like described in Sect. 5.1 (red and blue symbols in Fig. 167) leads to the following 908 

main observations. 1) All products – except NT1-SSMI and NT2-AMSRE – have the best agreement with ship-based 909 

observations in the sea-ice concentration range 60% to 80%. 2) All products under-estimate ship-based sea-ice concentrations 910 

for concentrations < ~50%. 3) The negative bias of ~10% observed for NT1-SSMI applies to the entire sea-ice concentration 911 

range. 4) NT2-AMSRE is the only product over-estimating ship-based sea-ice concentrations considerably; this over-912 

estimation reaches 10% for the range 60% to 80%. Apart from that we find, like for the Arctic, that blue regression lines exhibit 913 

a considerably steeper slope than the red ones, suggesting that also in the Antarctic the distribution of the data over the range 914 

0 to 100% is asymmetric (see Sect. 6.1.4).Regression lines based on these binned data (red lines in Fig. 17) have a similar or 915 

slightly steeper slope than those based on the un-binned data (black lines). Applying the binning to the satellite sea-ice 916 

concentration (blue symbols in Fig. 17) results in a distribution of the data pairs which without exception – as for the Arctic – 917 

yields substantially steeper regression lines, underpinning the over-estimation of the ship-based observations particularly at 918 

low concentrations. 919 
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5.3 Summary and discussion of comparison against ship-based observations 920 

Group II products provide the smallest overall difference to the ship-based observations: around 0% (Arctic) and around 921 

-2% (Antarctic). Group I products provide differences around -7.5% (Arctic) and -3.5% (Antarctic). Group I and II products 922 

share similar average correlations (R²) in the Arctic: 0.77 and 0.76, and in the Antarctic: 0.74 and 0.72, respectively. Standard 923 

deviations for group I products are smaller – by 1% in the Arctic and by 2% in the Antarctic – than for group II products.  On 924 

average, these results are better than those obtained for group III and IV products. We refrain from giving a ranking or 925 

recommendation as to which product is the best when compared to ship-based observations. 926 

We find the lowest correlation for ASI-SSMI (group III)ASI-SSMI provides the smallest values for R² in both 927 

hemispheres. However, it is the product with the largestASI-SSMI reveals a substantially improvement in the inter-comparison 928 

results between winter and summer in the Arctic: correlation increases, difference and standard deviation decrease. This could 929 

be attributed to the higher fraction of inter-mediate sea-ice concentrations during summer for which the comparably fine grid 930 

resolution of 12.5 km of the ASI-SSMI product could be of advantage. There is evidence that this behaviour is coupled to the 931 

usage of the near 90 GHz channels because we observed a similar, albeit less pronounced behaviour for SICCI-12km, which 932 

also employs near 90 GHz data and is provided at 12.5 km grid resolution (Table 2)While an increase of the correlation between 933 

winter and summer is observed also for all other products, such a notable decrease in difference and standard deviation is not 934 

– except for SICCI-12km. This product is also provided at 12.5 km grid resolution but in contrast to ASI-SSMI combines 935 

brightness temperatures at two different frequencies and hence different native resolutions (see Table 2). Because in the 936 

Antarctic the sea-ice cover is more open year roundalso during winter it is plausible that we did not find similar behaviour 937 

there for these two productsuch an improvement in inter-comparison results between winter and summer is lacking there. 938 

There are a few points to discuss. First of all, Fig.ure 145 and Fig. 16through Fig. 17 reveal quite a high relative 939 

occurrencefraction of sea-ice concentrations in the range 95% to 100%. This might have biased theour results. We therefore 940 

repeated our comparison by discarding all data pairs with daily mean sea-ice concentrations ≥ 95%. Main results (not shown) 941 

are an overall increase in the differences by about 2% and of the standard deviations by ~ 1% (group I) and 2-3% (group II) 942 

and a reduction of the correlation by ~0.08. Ranking between groups are otherwise not changed. This results in R² of 0.68 943 

versus 0.63 (Arctic) and 0.67 versus 0.63 (Antarctic) for group I and II, respectively, and in standard deviations of 13.8% 944 

versus 16.3% (Arctic) and 14.9% versus 18.0% (Antarctic). While group I exhibits larger differences than group II, inter-945 

comparison results are better for group I than group II otherwise. Secondly, the results obtained for group I products The 946 

comparison to the ship-based observations presented in Sect. 5 areis carried out using based on the truncated EUMETSAT-947 

OSISAF – ESA-CCI sea-ice concentrations data. Using the non-truncated EUMETSAT-OSISAF – ESA-CCI products data 948 

does not considerably change our findings (not shown). DifferencesDifferences between satellite-based and ship-based sea-949 

ice concentrations reducdecrease by between 0 and 0.3% with a concomitant increase in the standard deviation of up to 0.2% 950 

(see Fig. 15 and Fig. 17, and Tables 5 and 6); this applies primarily to winter when the fraction of near ~100% sea-ice 951 

concentrations is large. Thirdly, While application of the Gaussian-fit method (see Sect. 2.1.4 and Sect. 6.1.3) seems not 952 

appropriate given the wide sea-ice concentration range considered in this inter-comparison., Even if it would be, we canit is 953 

reasonable to assume that it would change the differences and (standard deviations) found for all obtained for the other products 954 

would change by less than one percent. up to a few tenth of a percent (some tenths of a percent). However, All these changes 955 

would be small compared to the accuracy of the ship-based sea-ice concentrations (see Sect. 2.3, and beginning of Sect. 5, and 956 

Sect. 6.1.4). 957 

In Fig. 15 and Fig. 16, several of the products exhibit points along the y=0% sea-ice concentration line, i.e. conditions 958 

where sea- ice cover is reported by the ship-based estimate while the satellite estimates exactly 0%. This applies most to group 959 

II products andCBT-SSMI, NOAA-CDR, ASI-SSMI, and CBT-AMSRE (Fig 15 b, c, d and j). These points with zero daily 960 

mean sea-ice concentration are very likely the result of the weather filters applied (Sect. 2.1.3), which besides removing false 961 

sea ice caused by atmospheric effects, also removes true sea ice (Ivanova et al., 2015; Lavergne et al., 2019). The combination 962 
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of explicit atmospheric correction and dynamic tuning of the weather filter in the group IEUMETSAT-OSISAF – ESA-CCI  963 

products seems to reduce the occurrence of such cases notable (Fig. 15 e, f and g); Fig. 16 e, f, and g) notably. Also NT1-SSMI 964 

(Fig. 15 a) and NT2-AMSRE (Fig. 15 i) exhibit a comparably small number of satellite sea-ice concentration at exactly 0% at 965 

non-zero ship-based concentrations. These observations agree well with the results shown in Fig. 1 – except for ASI-SSMI. 966 

6 Discussion, Outlook and Conclusions 967 

6.1 Discussion 968 

In this paper, we assessed the quality of sea-ice concentration of the EUMETSAT-OSISAF – ESA-CCI products against 969 

other sea-ice concentration products and independent data sets. These data sets are: 1) A near-100% reference sea-ice 970 

concentration data set based on the analysis of regions with convergent sea-ice motion in high-concentration sea ice during 971 

winter based on SAR imagery (Sect. 2.2 and Sect. 4), and 2) quality-controlled compilations of about 15 000 individual visual 972 

ship-based observations of the sea-ice cover (Sect. 2.3 and Sect. 5). The first part of the assessment we carried out without 973 

additional data by showing and discussing time-series of sea-ice area (SIA) and extent (SIE) as well as difference between the 974 

sea-ice concentrations of all ten products (Sect. 3). 975 

6.1.1 Observed differences in sea-ice area and extent 976 

Time series of SIA and SIE have since long been used to derive conclusions about the past development of the sea-ice 977 

cover and to even extrapolate its future development. In order to do so, such time series need to be sufficiently long, consistent 978 

and accurate. A long, consistent time-series is typically obtained using a fundamental climate data record of brightness 979 

temperatures as input for the retrieval, as is done, e.g., for group I product OSI-450, to ensure that inter-sensor differences are 980 

as small as possible. Our paper suggests that additional steps might be required, for instance, dynamic retrieval of tie points 981 

and dynamic adaptation of weather filters (see Sect. 6.1.2) to reach the goal of a long-term consistent sea-ice concentration 982 

data set to be used to compute long-term consistent time-series of SIA and SIE.  983 

Recently, Meier and Steward (2019) suggested a method to obtain an estimate of SIE and NSIDC sea-ice index 984 

accuracy, which they found to be ~50 000 km² under certain circumstances for the Arctic. They also pointed out, however, 985 

that there is a clear bias (or spread) of 500 000 km² to 1 million km² between SIE estimates from different products (see also 986 

Ivanova et al., 2014). Therefore, as long as one does not know which product provides the best representation of the actual 987 

sea-ice cover, one is left alone with a relatively precise estimate of the SIE, which might likely be biased, however, by an 988 

amount an order of magnitude larger. Considerable spreads between products are also visible in our Fig 6 and Fig. 8, especially 989 

for SIA, which we think is the parameter suited better to describe state and variability of the polar sea-ice covers. Notz (2014) 990 

found that the SIE and its trend provide a limited metric for the performance of numerical models. Petty et al. (2018) suggested 991 

that predictions of the September Arctic sea-ice minimum in area and extent would benefit from giving more weight to SIA. 992 

Niederdrenk and Notz (2018) concluded that observational uncertainty is the main source of uncertainty for estimating at 993 

which level of global warming the Arctic will lose its summer sea-ice cover. In the light of these findings, the inter-product 994 

differences in SIA and SIE resulting from our study provide useful information about which algorithm or group of algorithms 995 

is particularly well suited for investigations of SIA and SIE in both or just one hemispheres year-round or just a season. Because 996 

we were able to estimate the effect of the mis-match between true and grid resolution and of the pole-hole interpolation in the 997 

Arctic and could further rule out influences of different land-masks, we are confident that the inter-product differences 998 

observed are mostly originating from differences in how the algorithms can handle surface emissivity variations or variations 999 

in the atmospheric influence. we suggest putting emphasis on discussing inter-product biases in SIE and especially SIA is 1000 

warranted in the context of this paper about sea-ice concentration product evaluation. 1001 



25 

 

The inter-annual variability of the ten products’ SIA and SIE is very similar (Fig. 6 and Fig. 8) while differences in sea-1002 

ice concentration between the products can be substantial (Fig. 7, Fig. 9 through Fig. 11). Extensive filtering of potential 1003 

coastal artifacts in the sea-ice concentration can cause a particularly large difference in SIA and SIE between SICCI-50km, 1004 

and the three other EUMETSAT-OSISAF – ESA-CCI products (see Fig. 7 and Fig. 10). A difference in SIA can often be 1005 

explained with a difference in sea-ice concentration retrieved by a particularly algorithm. A difference in SIE is, however, 1006 

independent of the actual sea-ice concentration as long as it is above 15%. The observed differences in SIE (Fig. 6 c, d) and 1007 

Fig. 8 c, d) therefore potentially result from different sea-ice concentrations in the marginal ice zone / along the ice edge, from 1008 

differences in correction of the land spill-over effect (coastal correction henceforth), from differences in the weather filter, or 1009 

from differences in the land-cover fraction.  1010 

In the matrices showing the differences between SIA and SIE for all ten products for the AMSR-E period (Fig. 11, 1011 

middle and right column), the influence of the different land cover fractions has been mitigated. We first discuss the Arctic. 1012 

For SIA, EUMETSAT-OSISAF – ESA-CCI (group I) products agree with each other within ~ ±100 000 km² in March and 1013 

September (Fig. 11 b, e). This is an important result taking into account that within this group data of different satellite sensors 1014 

are used (SICCI-2: AMSR-E; OSI-450: SSM/I, SSMIS). The same applies to group II, i.e. CBT-SSMI, NOAA-CDR, CBT-1015 

AMSRE, and NT2-AMSRE in September but not in March, when within group II SIA based on SSM/I-SSMIS data agrees to 1016 

SIA based on AMSR-E data only within ~ ±300 000 km². In March, NT1-SSMI and ASI-SSMI (group III) stand out with a 1017 

~400 000 km² to ~800 000 km² smaller SIA than all other products. In September, only NT1-SSMI stands out with SIA 1018 

differences to all other products similar to those in March. For SIE, the majority of all products agrees with each other within 1019 

~ ±200 000 km² (~ 4-5% of mean SIE) in September (Fig. 11 f); larger differences only occur between NT1-SSMI and OSI-1020 

450, CBT-SSMI or NOAA-CDR. In March, OSI-450, SICCI-12km, SICCI-25km, CBT-SSMI and NOAA-CDR exceed three 1021 

to five of the other products by ≥ ~ 300 000 km², and only half of the products agree with each other within ~ ±200 000 km² 1022 

(Fig. 11 c). 1023 

In the Antarctic (Fig. 11 h, i, k and l), EUMETSAT-OSISAF – ESA-CCI (group I) SIA values agree with each other 1024 

within ~ ±200 000 km² in September and February (Fig. 11 h, i). For September (Fig. 11 h), NT1-SSMI and NT2-AMSRE 1025 

stand out. NT1-SSMI SIA is smaller than all other products by between ~1.4 million km² (ASI-SSMI) and ~2.8 million km² 1026 

(NT2-AMSRE). This confirms the documented under-estimation of Antarctic sea-ice concentration by the NASA-Team 1027 

algorithm during that time of the year (e.g., Comiso et al., 1997). In contrast, NT2-AMSRE SIA is larger than all other products 1028 

by ~0.6 million km² (CBT-AMSRE) and ~2.8 million km² (NT1-SSMI). CBT-AMSRE SIA is larger than all other products 1029 

(except NT2-AMSRE) while ASI-SSMI SIA is smaller than all other products (except NT2-AMSRE). For February (Fig. 11 1030 

k) inter-product SIA differences are overall small except for NT2-AMSRE, which exceeds all other products by ~300 000 km² 1031 

(~15%) or more. For SIE, inter-product differences are much smaller than for SIA in September (Fig. 11 i) and comparable to 1032 

those for SIA in February (Fig. 11 l). Most products agree with each other within ±200 000 km² in September and within ±300 1033 

000 km² in February. For September, we find largest differences for NT1-SSMI being by between 300 000 km² and 700 000 1034 

km² smaller than all other products, and for OSI-450 being larger than most other products by ~200 000 km². Note that, in 1035 

contrast to SIA, NT2-AMSRE SIE differences are much smaller and compare to, e.g., CBT-AMSRE. In February, NT2-1036 

AMSRE SIE is larger than six other products by 300 000 km² (10%) or more, while SICCI-50km SIE is smaller than six other 1037 

products by 300 000 km² or more. For SICCI-50km, we can attribute this smaller SIE in February to the already mentioned 1038 

too aggressive filtering (see discussion of Fig. 7 and Fig. 10). 1039 

For Fig. 6 through Fig. 11 we used the truncated sea-ice concentration values as far as it concerns the EUMETSAT-OSISAF 1040 

– ESA-CCI products. Repeating these computations with the non-truncated values, e.g. for September and March, does not 1041 

change the results with respect to SIE because only the 15% sea-ice concentration threshold counts which is not changed by 1042 

this action. With respect to SIA we find an increase by ~50 000 km² in the respective winter months and almost no impact for 1043 

the summer months. 1044 
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6.1.2 The role of weather filters 1045 

In Fig. 1 and Fig. 2 we We illustrated that the weather filters implemented in each of the ten products, have quite 1046 

different behaviour, despite the fact they all use the same gradient ratios of brightness temperature frequency channels. The 1047 

pPotential users should be aware of this. We confirm that the dynamic open water filters designed for the group I EUMETSAT-1048 

OSISAF - ESA-CCI products (see Table 2) have a stable impact on the lower part of the sea-ice concentration, cutting through 1049 

it at about 10% SIC. This is across the months, changes of sensors (and thus frequencies, calibration, etc…) and for both 1050 

hemispheres. We refer to Lavergne et al. (2019) for discussions how this consistency could be improved further. The analysis 1051 

sheds also light on how the other six products perform in terms of stability. We are hHere, we are interested both in the temporal 1052 

consistency of the weather filter effects (e.g. jumps across satellite seriesinstruments, across months, across climate-induced 1053 

trends) and the absolute level at which they cut through the sea-ice concentration distribution, especially with respect to the 1054 

15% threshold embedded in the SIE and SIA curves shown in Fig. 6 and Fig. 78. Group II CBT-SSMI, NOAA-CDR, and 1055 

CBT-AMSRE products all cut around 15%, sometimes below, sometimes above, but in general at higher sea-ice concentration 1056 

than thegroup I products EUMETSAT-OSISAF – ESA-CCI ones (Fig. 1 and Fig. 2). We observed evidence for an actual 1057 

impact of weather-filter cut-off sea-ice concentrations variation over time in the SIE time series in winter in the Antarctic (Fig. 1058 

7 c). 1059 

CBT-SSMI exhibits jumps when transitioning from one sensor to the next, for example from 1987 to 1988 (SMMR to 1060 

SSM/I) for both hemispheres in September (Fig. 1 g, Fig. 2 a) and in the Arctic in March (Fig. 1 a); see also NT1-SSMI in the 1061 

Antarctic (Fig. 2 a). It is noteworthy that the 23.0 GHz channels of the SMMR instrument have been highly unstable since 1062 

launch, and eventually ceased to function on 11 March 1985 (Njoku et al., 1998). Thus, the water-vapour part of the “classic” 1063 

weather filter is un-reliable in the early decade of the satellite data record. This is solved in the OSI-450 product by relying on 1064 

explicit atmospheric correction of the brightness temperatures using -among others- water vapour fields from atmosphere re-1065 

analysis (see Lavergne et al., 2019). This discontinuity seems to be apparent in the September Antarctic SIE (Fig. 7 c): OSI-1066 

450 and CBT-SSMI agree with each other for the SMMR period while after 1987 CBT-SSMI is below OSI-450 by ~ 150 000 1067 

km². This corresponds to the area of one quarter of all 25 km grid cells centred at 60°S, the approximate average location of 1068 

the Antarctic September sea-ice edge. This change in SIE is concomitant with a jump in the weather-filter sea-ice concentration 1069 

from 11% to 14% (Fig. 2 a).  1070 

The NOAA-CDR starts with SSM/I in 1987 and thus avoids the 1987/88 jump. However, compared to OSI-450 and SICCI-1071 

25km we find for NOAA-CDR: 1) The sea-ice concentration at which the weather filter applies varies seasonally. For instance, 1072 

in the year 1996, the mean 5% percentile of sea-ice concentrations within the interval ]0%, 30%] is 14% for March but 17% 1073 

for September in the Arctic, and 16% for September but 18% for February in the Antarctic. OSI-450 cuts at 10%, SICCI-25km 1074 

at 11% for these months, and in both hemispheres. 2) The inter-annual variation of the sea-ice concentration at which the filter 1075 

applies is larger for NOAA-CDR than for OSI-450 and SICCI-25km. In addition, the curves for NOAA-CDR (and CBT-1076 

SSMI) in Fig. 1 a) (March) and Fig. 2 (September) exhibit a discontinuity in the transition from 2007 to 2008, which 1077 

corresponds to when SSMIS (F17) is processed instead of SSM/I (F15). OSI-450 exhibits no discontinuity here. This 1078 

discontinuity occurs in March (Arctic) and September (Antarctic), i.e. both at maximum sea-ice extent, and is concomitant 1079 

with a shift between OSI-450 and NOAA-CDR SIE by 50 000 to 100 000 km² between 2007 and 2008 (not shown). Our 1080 

conclusion from these observations is that because the weather-filters of this class of products cut the sea-ice concentration 1081 

distribution within ±5% to the sea-ice concentration threshold of 15% typically applied to compute SIA and SIE, they might 1082 

have an influence on the observed differences in SIA and SIE between the products.  1083 

It appears as if for the remaining three products: NT2-AMSRE, NT1-SSMI and ASI-SSMI, considerations of the kind 1084 

discussed above do not apply. NT2-AMSRE and ASI-SSMI provide a weather-filter cut-off sea-ice concentration of ~1-2% 1085 

according to our analysis (Fig. 1 and Fig. 2), well below 15%; little can be said about potential inconsistencies between SSM/I 1086 

and SSMIS for ASI-SSMI and their impact for SIA or SIE estimates. NT1-SSMI exhibits a rather constant weather-filter cut-1087 
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off sea-ice concentration of ~1% for the Arctic (Fig. 1) but shows much more variability of it for the Antarctic (Fig. 2). 1088 

Weather-filter cut-off sea-ice concentrations are ~5% for the SMMR period, decrease to ~2% for the SSM/I period, and then 1089 

jump to ~6% for the SSMIS period; note that Fig. 2 d) is from the year 2004 and hence from the SSM/I period. Since these 1090 

inconsistencies are, however, well below 15% we do not expect any impact on our results as far as it concerns the overall mean 1091 

sea-ice concentration, SIA and SIE. 1092 

In any case, We believe Fig. 1 and Fig. 2 are a new illustration that data products can differ in many ways. Such time-series, 1093 

adapted from Lavergne et al. (2019), are an effective tool for data-producers and users to assess the temporal consistency of 1094 

sea-ice concentration data products.            1095 

6.1.3 The impactrole of truncating sea-ice concentrations at 100% 1096 

In near-100% sea-ice concentration conditions, retrieval algorithms will naturally retrieve bell-shaped distribution of 1097 

values, returning values both below and above 100% sea-ice concentration. However, the above-100% values are almost never 1098 

accessible to the user, and thus generally not accessible for validation. Here, we used the availability of these “off-range” 1099 

estimates in the four EUMETSAT-OSISAF - ESA-CCI products to demonstrate how the “off-range” distribution can 1100 

effectively be reconstructed a-posteriori from the products with truncated sea-ice concentration distributions (Fig. 3). This 1101 

Gaussian-fit methodology allows us to go deeper in the analysis of near-100% conditions. Indeed, if the analysis had been 1102 

limited to the truncated distributions only (shown in Fig. 12), algorithms that over-estimate sea-ice concentration (modal value 1103 

of the non-truncated distribution larger than 100%) would obtain better validation statistics (smaller bias and RMSE) than 1104 

products with no over-estimation (modal value of the non-truncated distribution exactly at 100%). The larger the over-1105 

estimation, the better the statistics would be. Using the Gaussian fit, we unveil a possible over-estimation of several sea-ice 1106 

concentration products, including NT1-SSMI, CBT-SSMI, and NOAA-CDR in the Arctic, and NOAA-CDR (but only slightly) 1107 

in Antarctic sea-ice conditions. This Gaussian-fit methodology also confirms that the EUMETSAT-OSISAF - ESA-CCI 1108 

products are slightly low biased in the Arctic (as already documented by Lavergne et al., 2019). The worst of these biases we 1109 

find in the Arctic for SICCI-12km that was not openly distributed at the end of the ESA CCI Sea Ice Phase 2 project, partly 1110 

based on these results.  1111 

In Appendix H, we present the full set of Gaussian fits for all ten products for both Arctic and Antarctic in Fig. H1 1112 

and Fig. H2 (see also Fig. 3). Based on these additional results we can see that indeed the Gaussian fit matches the non-1113 

truncated sea-ice concentration distribution of the EUMETSAT-OSISAF – ESA-CCI products quite well by the good 1114 

agreement in the shape of the distributions as well as the reasonably low RMSD of 0.0037 in six of the eight cases (0.0025 and 1115 

0.0050 otherwise). We can see also, however, that there are discrepancies and limitations. In the Arctic (App. H, Fig. H1) the 1116 

Gaussian fit under-estimates the probability in the left tail for SICCI-12km, SICCI-25km, and OSI-450; in the Antarctic we 1117 

observe such an under-estimation for SICCI-25km and OSI-450 (App. H, Fig. H2). At the same time, we find an over-1118 

estimation in the right tail, i.e. > 100% for SICCI-12km and SICCI-25km in the Arctic and for SICCI-50km in the Antarctic. 1119 

Possible explanations for the quoted under-estimation could be: i) Sea-ice concentrations have actually been that low even at 1120 

the locations of the RRDP2 near-100% references sea-ice concentration data set. ii) The impact of tie points not matching with 1121 

the actually present snow / sea-ice surface conditions on the retrieved sea-ice concentration is not symmetric around 100%. 1122 

We also see that for SICCI-50km, our step to bin the sea-ice concentrations to integer values before the inter-comparison with 1123 

the other products, results in a distribution around 100%, which is almost too narrow to fit it properly. 1124 

  For the other algorithms, in the Arctic, the Gaussian fit matches perfectly well for sea-ice concentrations ≤ 99% for 1125 

CBT-SSMI, NOAA-CDR, and CBT-AMSRE with RMSD values of 0.0017 and 0.0023 (this is even better than for the 1126 

EUMETSAT-OSISAF – ESA-CCI). The match is less good for NT1-SSMI and ASI-SSMI with RMSD values of 0.0050 and 1127 

0.0062 (App. H, Fig. H1); we discussed the latter already in the context of Fig. 3 and refer to Ivanova et al. (2015) who, 1128 

because of the non-linearity of this algorithm, were forced to construct an artificial evaluation data set. By comparing the 1129 
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fraction under the red curve for sea-ice concentrations > 99% with the value for F99 of 0.806, we consider the Gaussian fit 1130 

applicable. This can be confirmed for the Antarctic (App. H, Fig. H2 a)). For the Antarctic, the match between observed sea-1131 

ice concentrations ≤ 99% and Gaussian fit is less good than in the Arctic for, especially, CBT-SSMI and CBT-AMSRE; RMSD 1132 

values are comparably large: 0.0050 and 0.0058, respectively, and the sea-ice concentration distributions is considerably less 1133 

bell shaped than in the Arctic. It is beyond the scope of this study to further fine tune the Gaussian fit so that the match with 1134 

the observations improves. We note that the results with respect to Gaussian fits shown in Appendix H, Fig. H1 and Fig. H2 1135 

apply also to the longer RRDP2 near-100% reference sea-ice concentration data set of winters 2007 through 2015, which 1136 

contains considerable more data pairs. 1137 

Finally, tThe analysis of the validation at 100% conditions (Sect. 4) raises a critical question to be discussed in the future 1138 

among data producers and with the data users: “Given that sea-ice concentration products are used following application ofafter 1139 

a 100% sea-ice concentration threshold is applied, is it better to have algorithms (slightly) overshoot the sea-ice concentration 1140 

distribution or should data producers aim at an unbiased non-truncated distribution?” To let algorithms overshoot will return 1141 

fewer below-100% estimates in the product files which might be positive for large areas of the inner sea-ice cover during 1142 

winter., but will also automatically reduce the sensitivity of the product to actual small openings in the sea-ice, which are so 1143 

important for the ocean/atmosphere heat exchange in cold winter conditions. However, one consequence of this 1144 

(hypothetically) shifted sea-ice concentration distribution with modal values > 100% is that the sea-ice concentration in areas 1145 

with a true < 100% sea ice concentration, i.e. 99% or even 98%, might be set to 100%. Such areas could contain leads. 1146 

According to, e.g., Marcq and Weiss (2012) about 70% of the upward ocean-atmosphere heat exchange occurs through leads 1147 

even though these cover only one to two percent of the Central Arctic ocean. Assuming a heat transfer through thick ice of 5 1148 

W/m² and through a lead of 400 W/m² (e.g. Marcq and Weiss, 2012, near-surface air-temperature difference of 30K) a heat 1149 

flux calculation yields 5 W/m² for 100% and ~ 9 W/m² for 99% true sea-ice concentration, an increase by 80%. Using sea-ice 1150 

concentrations of an algorithm with a modal value at 101% or higher might therefore result in a substantial under-estimation 1151 

of the surface heat flux. Integrated over the sea-ice covered central Arctic Ocean (area ~ 7 million km²) this under-estimation 1152 

could be as high as 2.4 * 10^12 MJ per day. 1153 

To aim at an unbiased algorithm might help with a better sensitivity to small openings (but note the RMSE of non-1154 

truncated retrievals ranges between 2% and 5% for the various algorithms studied here), however, the product grid will have 1155 

more below-100% estimates. Our analysis, supported by the Gaussian-fit method, helps introducing the question and opening 1156 

the discussion, but does not bring the answer. 1157 

 1158 

6.1.4  Observed differences to ship-based observations 1159 

The comparison to the ship-based observations presented in Sect. 5 is carried out using truncated EUMETSAT-OSISAF 1160 

– ESA-CCI sea-ice concentration data. Using the non-truncated EUMETSAT-OSISAF – ESA-CCI products does not 1161 

considerably change our findings. Differences between satellite- and ship-based sea-ice concentrations reduce by between 0 1162 

and 0.3% with a concomitant increase in the standard deviation of up to 0.2% (see Fig. 15 and Fig. 17, and Tables 5 and 6); 1163 

this applies primarily to winter when the fraction of near ~100% sea-ice concentrations is large. While application of the 1164 

Gaussian-fit method (see Sect. 2.1.4 and Sect. 6.1.3) seems not appropriate given the wide sea-ice concentration range 1165 

considered in this inter-comparison, it is reasonable to assume that it would change the differences (standard deviations) found 1166 

for all other products by up to a few tenth of a percent (some tenths of a percent). However, these changes would be small 1167 

compared to the accuracy of the ship-based sea-ice concentrations (see Sect. 2.3 and beginning of Sect. 5). 1168 

According to the summaries given in Tables 5 and 6, we can divide the ten products into three groups. Group I contains 1169 

the EUMETSAT-OSISAF – ESA-CCI products, group II contains CBT-SSMI, NOAA-CDR, NT2-AMSRE and CBT-1170 

AMSRE, and group III consists of ASI-SSMI and NT1-SSMI. Note that this division into groups is similar to the one 1171 
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introduced in the context of, e.g., Fig. 11. Products of group II provide the smallest overall difference to the ship-based 1172 

observations: around 0% (Arctic) and around -2% (Antarctic). An exception is NT2-AMSRE, which provides considerably 1173 

more ice than the ship-observations in the Antarctic: +4.5%. Products of group I provide differences around -7.5% (Arctic) 1174 

and -3.5% (Antarctic); in both hemispheres the difference is largest for SICCI-25km. Groups I and II share similar average 1175 

values for R² in the Arctic: 0.77 and 0.76 and in the Antarctic: 0.74 and 0.72, respectively. Standard deviations are a little 1176 

smaller for group I than group II: 12.3% versus 13.2% (Arctic) and 13.7% versus 15.6% (Antarctic). NT1-SSMI provides by 1177 

far the largest difference to ship-observations in both hemispheres, paired with generally lower correlation and higher standard 1178 

deviation.  1179 

ASI-SSMI provides the smallest values for R² in both hemispheres. ASI-SSMI reveals a substantially improvement in 1180 

the inter-comparison results between winter and summer in the Arctic: correlation increases, difference and standard deviation 1181 

decrease. This could be attributed to the higher fraction of inter-mediate sea-ice concentrations during summer for which the 1182 

comparably fine grid resolution of 12.5 km of the ASI-SSMI product could be of advantage. While an increase of the 1183 

correlation between winter and summer is observed also for all other products, such a notable decrease in difference and 1184 

standard deviation is not – except for SICCI-12km. This product is also provided at 12.5 km grid resolution but in contrast to 1185 

ASI-SSMI combines brightness temperatures at two different frequencies and hence different native resolutions (see Table 2). 1186 

Because in the Antarctic the sea-ice cover is more open also during winter it is plausible that such an improvement in inter-1187 

comparison results between winter and summer is lacking there. 1188 

Figure 14 through Fig. 17 reveal quite a high fraction of sea-ice concentrations in the range 95% to 100%. This might 1189 

have biased the results. We therefore repeated our comparison by discarding all data pairs with daily mean sea-ice 1190 

concentrations ≥ 95%. Main results (not shown) are an overall increase in the differences by about 2% and of the standard 1191 

deviations by ~ 1% (group I) and 2-3% (group II) and a reduction of the correlation by ~0.08. This results in R² of 0.68 versus 1192 

0.63 (Arctic) and 0.67 versus 0.63 (Antarctic) for group I and II, respectively, and in standard deviations of 13.8% versus 1193 

16.3% (Arctic) and 14.9% versus 18.0% (Antarctic). While group I exhibits larger differences than group II, inter-comparison 1194 

results are better for group I than group II otherwise. 1195 

One of the innovations of the products of group I (see Table 2) is the self-optimizing capability of the algorithms to 1196 

adopt to seasonally changing sea-ice conditions, i.e. the transition between winter and summer. If ship-based sea-ice 1197 

observations are as reliable in summer as they are in winter then a comparison of the differences and standard deviations 1198 

obtained infor winter and summer could reveal how well an algorithm deals with the seasonally changing sea-ice conditions. 1199 

If we focus on sea-ice concentrations < 95% to avoid the clustering of data pairs near 100% during winter, we findIn the Arctic, 1200 

the CDRs of the group I products: SICCI-25km, SICCI-50km and OSI-450 to stand out with winter-to-summer changes in the 1201 

difference between ship- and satellite-based sea-ice concentrations around 0.2%by 0.2%, 0.3% and 0.1%, respectively, 1202 

compared to ~3.5% for group II products of group II in the Arctic. Results are more diverse for the Respective changes in the 1203 

standard deviation rangewhere products of group II exhibit winter-to-summer changes between 0.1% (CBT-SSMI) and 5.2% 1204 

for group II(CBT-AMSRE) but are near ~2.7% for group I CDRswhile SICCI-25km, SICCI-50km and OSI-450 exhibit values 1205 

of 2.8%, 2.6% and 2.6%, respectively. Largest winter-to-summer changes are provided by ASI-SSMI: 6.7% (difference) and 1206 

6.1% (standard deviation). In the Antarctic, smallest winter-to-summer differences of ~0.3% are obtained for group I products 1207 

SICCI-12km and OSI-450: 0.2% and 0.4%, respectively, compared to ~2.5% for group II products of group II. These provide 1208 

a winter-to-summer change in standard deviation of ~6.5% while SICCI-12km and OSI-450 exhibit smaller values of ~3.7% 1209 

and 4.02%. These results, which have been obtained by, again, discarding mean sea-ice concentrations ≥ 95%, suggest that 1210 

most group I productsEUMETSAT-OSISAF – ESA-CCI products compare with the ship-based sea-ice observations more 1211 

consistently across seasons than the other products. 1212 

It is noteworthy, however, to keep in mind the difference in scales and observational limitations between ship-based 1213 

and satellite-based observations of the sea-ice concentration – as illustrated in Figure 17. For the pack ice / lead case (Fig. 17 1214 
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a), Table 7 top), the variation of the ship-based observations depends strongly on the fraction of thin ice. For leads covered by 1215 

open water, satellite sea-ice concentrations tend to exceed ship-based concentrations. This could explain the banana-shaped 1216 

distribution of data pairs for the SH (Fig. 16).  For leads covered by thin ice, it is the other way round. Ship-observations would 1217 

reveal a total sea-ice concentration of 100%, while most of the tested algorithms underestimate the true sea-ice concentration 1218 

in presence of thin ice [Cavalieri, 1994; Comiso and Steffen, 2001; Ivanova et al., 2015]. This could explain the larger fraction 1219 

of ship-based sea-ice concentrations near 100% as is particularly pronounced, e.g., for NT1-SSMI (Fig. 15 a) and, in general, 1220 

the larger range of satellite versus ship-based sea-ice concentrations at comparably high concentrations. For the marginal ice 1221 

zone (Fig. 17 b), Table 7 bottom), it is more likely that most products provide smaller sea-ice concentrations than observed 1222 

from a ship. During winter, a considerable fraction of the sea ice might be thin ice – causing under-estimation as stated above. 1223 

During summer, a considerable fraction of the sea ice might be too wet to be recognized as ice by satellite microwave 1224 

radiometry – causing an under-estimation as well (see e.g. Worby and Comiso, 2004; Ozsoy-Cicek et al., 2009). In addition, 1225 

low ice concentrations are often filtered by the weather filters applied (see Sect. 2.1.3). This results in a substantially larger 1226 

range of ship-based sea-ice concentrations at comparably low satellite sea-ice concentrations. Furthermore, this also results in 1227 

a larger fraction of low ice-concentration values for the satellite-based than the ship-based observations. This explains why 1228 

mean ship-based sea-ice concentrations per binned satellite sea-ice concentration (blue symbols in Fig. 15 and 16) are shifted 1229 

so much to the right compared to the red symbols; this is also evident from the larger fraction of data pairs below than above 1230 

the identity line for sea-ice concentrations below 60 to 80%. 1231 

We note that another data set of a different kind of ship-based observations of Arctic sea-ice conditions is available at 1232 

the Arctic and Antarctic Research Institute (AARI) and has recently been used for a sea-ice concentration algorithm inter-1233 

comparison study using an approach different to the one used in our paper (Alekseeva et al., 2019). We might extent our inter-1234 

comparison studies to their data set in the future. 1235 

6.2 Outlook 1236 

The algorithms implemented in the EUMETSAT-OSISAF – ESA-CCI products are continuously under development, 1237 

and several improvements are planned in the course of the next phase of the ESA-CCI sea ice project (so called CCI+), and 1238 

the running phase of the EUMETSAT-OSISAF project. Some of the research and development items planned are directly 1239 

triggered by the findings in this paper. In particular, CCI+ will focus on improving upon the SICCI-12km data record that 1240 

combines the ~19 GHz and ~90 GHz channels of AMSR-E and AMSR2 missions. The version of SICCI-12km evaluated in 1241 

this paper was not performing well enough (especially bias in NH) and has not been released. Algorithms using ~90 GHz 1242 

channels will be studied in more depth during CCI+, since these channels have the potential to bring higher spatial resolution 1243 

and thus bridging the gap towards the WMO GCOS requirements. Another relative weakness of the EUMETSAT-OSISAF - 1244 

ESA-CCI data products seems to be the correction of the land spill-over contamination, which showed most in the SIE and 1245 

SIA time-series for SICCI-50km. A dedicated effort to improve on this is starting in the context of the EUMETSAT-OSISAF 1246 

project. Finally, the small (but significant) low bias of the OSI-450 and SICCI-25km at near-100% conditions will be addressed 1247 

towards the next version of the EUMETSAT-OSISAF – ESA-CCI data products, scheduled for 2021. The sea-ice concentration 1248 

uncertainty estimates will be analysed during the next phase of the ESA-CCI sea ice project (CCI+). In particular, an end-to-1249 

end uncertainty analysis will be done with the aim of identifying individual uncertainty contributions and for possibly splitting 1250 

the SIC uncertainty budget into more components. 1251 

6.36.2 Conclusions 1252 

Recently, three new global sea-ice concentration (SIC) climate data records (CDRs) have been released. They are 1253 

described in Lavergne et al. (2019). These so-called EUMETSAT-OSISAF – ESA-CCI products: SICCI-25km, SICCI-50km, 1254 

and OSI-450, utilize a dynamic, self-optimizing hybrid sea-ice concentration algorithm, which is applied to satellite microwave 1255 
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brightness temperature measurements of the SMMR, SSM/I and SSMIS instruments (OSI-450) or the AMSR-E and AMSR2 1256 

instruments (SICCI-25km and SICCI-50km); see Table 1 for instruments and frequencies. Within this paper, these 1257 

newEUMETSAT-OSISAF – ESA-CCI products are evaluated by means of an inter-comparison to products of seven other 1258 

sea-ice concentration productsalgorithms (see Table 2 for acronyms, and satellite sensors and frequencies used, and assignment 1259 

to groups of algorithms I to IV) and with independent sea-ice cover data. These independent sea-ice cover data are a global 1260 

winter-time near-100% reference sea-ice concentration data set (Sect. 2.2) and a global year-round data set of ship-based visual 1261 

observations of the sea-ice cover (Sect. 2.3). Because five of the products are based on AMSR-E data, our core evaluation 1262 

period is the AMSR-E measurement period, i.e. June 2002 through September 2011. 1263 

We find a very good and consistent agreement in inter-annual variation of the monthly mean SIA and SIE time series for 1264 

both hemispheres for the overlap periods of the respective products used at their native grid resolution. We can explain 1265 

Uunexpected low SIE of SICCI-50km during Arctic winter and Antarctic summer we can explain by the coarse resolution of 1266 

the 6.9 GHz frequency observations combined with a too aggressive filtering of near-coastal and potentially weather-1267 

influenced grid cells near coastlines, which removed a substantial number of grid cells with ice. We note that SIE differences 1268 

are to be expected simply from the different grid resolutions. When inter-comparing products on the same grid (50km) applying 1269 

the same land masktaking this issue into account, the EUMETSAT-OSISAF – ESA-CCI products of group I provide quite 1270 

similar values ofor SIC, SIA and SIE for both hemispheres, during times of both maximum and minimum sea-ice cover. 1271 

Overall differences are < 1.0% for SIC, and < 100 000 km² (Arctic) and < 200 000 km² (Antarctic) for both SIA and SIE. A 1272 

similarly good agreement in SIC, SIA and SIE for both hemispheres is observed we find for the products pair CBT-SSMI and 1273 

– NOAA-CDR of group II (see Table 2), as can be expected from the design of NOAA-CDR (see Appendix F and Peng et al., 1274 

2013). Between the remaining four products, i.e., ASI-SSMI, NT1-SSMI, CBT-AMSRE, and NT2-AMSRE (Table 2), and 1275 

between these and the above-quoted six products, we find considerably larger differences between SIC, SIA, and SIE – which 1276 

vary with algorithm, season, and hemisphere. Largest differences we findare found for NT1-SSMI and NT2-AMSRE: NT1-1277 

SSMI provides less sea ice than other products particularly infor summer in the Arctic and winter in the Antarctic;, and NT2-1278 

AMSRE: provides more sea ice than other products in the Antarctic. Lowest spread among all ten products is achieved for the 1279 

Arctic SIE in September; here the maximum inter-product difference is < 400 000 km², i.e. ~10% of the total Arctic September 1280 

SIE. We therefore can confirm Based on our results we state that it matters which algorithm and/or product is used for 1281 

monitoring the polar sea-ice cover as long as one is interested in absolute values; similarity of trends has been shown elsewhere 1282 

(e.g. Ivanova et al., 2014; Comiso et al., 2017a). 1283 

Results quoted in the previous paragraph rely on computations applying the often-used 15% SIC threshold (e.g. Gloersen 1284 

et al., 1992). Our investigations suggest that it might be worth to start reconsideringre-thinking about this threshold because, 1285 

as we illustrated in our paper in Fig. 1 and Fig. 2, the weather filters applied might have inter-sensor jumps and fail to cut at a 1286 

constant sea-ice concentration remaining constant across the different satellite sensors used. . WhileFor example, sea-ice 1287 

concentrations from sensor A might be cut by the weather filter at 14% while these might be cut at 17% for a subsequent sensor 1288 

B. As a result, more sealess ice is removed for sensor Bleft and the sea-ice extent computed from sea-ice concentration data 1289 

of sensor B is systematically smaller than the one computed from sensor A. We observefound evidence for this in our results. 1290 

A more thorough analysis of trends over sub-periods observed by the ten products could reveal other such impacts. and remark 1291 

that the This impact of these inconsistencies is likely to be particularly pronounced in the peripheral seas with a comparably 1292 

large fraction of the marginal ice zone, such as the Bering Sea or the Barents Sea. Note that the OSI-450 algorithm provides a 1293 

particularly stable weather-filter induced sea-ice concentration cut-off at ~ 10% across the sensors used. 1294 

  Sea-ice concentrations are retrieved from satellite microwave brightness temperatures using an empirical geophysical 1295 

physical algorithmmodel, which usually involves a limited set of tie points. However, These are brightness temperatures, or 1296 

parameters derived from these, which are typical for the encountered surface types, which in the simplest of our cases are open 1297 

water: 0% SIC and close pack ice: 100% SIC. Because of tthe natural variability of those surface properties of 100% sea ice 1298 
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relevant for its microwave remote sensing of sea ice is large and these tie points, one fixed tie point value for 100% sea ice, 1299 

even if retrieved daily, can only be an average signature associated with a significant spreadrepresentation of these properties. 1300 

In other words, ten different kinds of 100% sea ice can cause ten different brightness temperatures. As a result, a retrieved sea-1301 

ice concentrations retrieved by such algorithms naturally varyies around (below and above) 100%. This means even though 1302 

the actual sea-ice concentration is exactly 100% the retrieved one could be, for example, 97% or 100% or 103%. The natural 1303 

variability of the sea-ice surface properties and the linearity of most algorithms suggests that the spread of retrieved sea-ice 1304 

concentrations around 100% follows a Gaussian distribution. However, Aall ten products examined here either truncate sea-1305 

ice concentrations at 100%, i.e. fold retrieved values > 100% to exactly 100%, or do simply not allow retrieval of SIC > 100% 1306 

(NT2-AMSRE) and the natural variability cannot be assessed. We develop a Gaussian-fit method to re-construct the full 1307 

distribution of sea-ice concentrations around 100%. We demonstrate its performance on the group IEUMETSAT-OSISAF – 1308 

ESA-CCI products (as thesey provide, for the first time, both the non-truncated and truncated values) and subsequently use it 1309 

to re-construct non-truncated sea-ice concentration distributions for the remaining six products (Fig. 3, and Appendix H, Fig. 1310 

H1 and Fig. H2). Based on our results we conclude that it is worthwhile to re-think the concept of truncation at 100% (but also 1311 

at 0% SIC) and critically re-assess evaluation results at the two ends of the sea-ice concentration distribution. Indeed, we argue 1312 

that direct evaluation of truncated data sets give a misleading information on the accuracy of the sea-ice concentration data, 1313 

and favour those data sets that overestimate sea-ice concentrations. Such overestimation has direct implications on the ability 1314 

of a given sea-ice concentration data set to e.g. observe small openings in an otherwise complete sea-ice cover. We invite the 1315 

sea-ice concentration data producers and users to take this into consideration and discuss the implications towards future 1316 

versions of such data products.  1317 

Data availability. All sea-ice concentration products except SICCI-12km are publicly available from the sources provided in 1318 

the respective sections of the supplementary material and the reference list. The SICCI-12km product is available upon request 1319 

from T. Lavergne. The standardized ship-based observations are available from the Integrated Climate Data Center (ICDC): 1320 

http://icdc.cen.uni-hamburg.de/1/daten/cryosphere/seaiceparameter-shipobs/. The RRDP2 data set is publicly available from 1321 

the source specified in the reference list. 1322 

7 Appendices 1323 

7.1 Appendix A. The EUMETSAT-OSISAF – ESA-CCI algorithm suite 1324 

The four products OSI-450, SICCI-12km, SICCI-25km, and SICCI-50km have in common that they are based on a 1325 

hybrid, self-tuning, self-optimizing sea-ice concentration algorithm (Lavergne et al., 2019). This algorithm is applied to 1326 

brightness temperature (TB) observations of the SMMR, SSM/I and SSMIS instruments for OSI-450, providing a fully revised 1327 

version of the OSI-409 CDR (Tonboe et al., 2016). This algorithm is applied to brightness temperatures measured by the 1328 

AMSR-E and AMSR2 instruments for the SICCI CDRs. Apart from the input satellite data the processing chains are the same 1329 

for these four products. The algorithm is a generalization of the Comiso Bootstrap frequency mode algorithm (App. C) and of 1330 

the Bristol algorithm (Smith and Barret, 1994; Smith 1996) and is described in detail in Lavergne et al. (2019). Two algorithms 1331 

that each combine three frequency channels (e.g. ~19 GHz at vertical polarization, and ~37 GHz at both horizontal and vertical 1332 

polarizations) are respectively optimized to provide best accuracy in Open Water (the BOW algorithm) and Consolidated Ice 1333 

(the BCI algorithm) conditions. The sea-ice concentrations obtained with each of the two optimized algorithms are merged 1334 

linearly into a hybrid sea-ice concentration SIChybrid according to the general formula: 1335 

� ��� = 1; for	��� < 0.7��� = 0; for	��� > 0.9��� = 1 − �����.��.� ; for	��� ∈ [0.7; 0.9] ; 			�� !"#$%& = ��� × ��� + (1 − ���) × �+,  ,       (A1) 1336 
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For sea-ice concentrations below 70%, SIChybrid relies completely on BOW and for sea-ice concentrations above 90% it 1337 

relies entirely on BICIC. The BOW and BICIC algorithms can be regarded as a generalized version of the Comiso Bootstrap and 1338 

Bristol algorithms, in that sense that they combine the three different brightness temperature channels used by the two 1339 

algorithms in a 3-dimensional TB space, and optimize their data projection plane for best accuracy. 1340 

In this paper, we use the sea-ice concentration CDR derived from SMMR, SSM/I and SSMIS data: OSI-450 1341 

[https://doi.org/10.15770/EUM_SAF_OSI_0008], and two sea-ice concentration CDRs derived from AMSR-E and 1342 

AMSR2 data: SICCI-25km [https://doi.org/10.5285/f17f146a31b14dfd960cde0874236ee5] and SICCI-50km 1343 

[https://doi.org/10.5285/5f75fcb0c58740d99b07953797bc041e]. While SICCI-25km is based on brightness temperatures 1344 

measured at ~19 GHz and ~37 GHz, similar to OSI-450, SICCI-50km is based on brightness temperatures measured at ~7 1345 

GHz and ~37 GHz. OSI-450 and SICCI-25km come at 25 km grid resolution while SICCI-50km has 50 km grid resolution. In 1346 

addition, we use a fourth product, SICCI-12km, which is provided at 12.5 km grid resolution and is based on brightness 1347 

temperatures measured by AMSR-E and AMSR2 at ~19 GHz and ~90 GHz. Here, we use a prototype of SICCI-12km, which 1348 

was produced during the ESA CCI Sea Ice project, but was not released publicly (partly based on the results presented in this 1349 

manuscript). All these data sets have daily temporal resolution and are provided on polar EASE grids version 2.0 (Brodzik et 1350 

al. 2012, 2014). 1351 

7.2 Appendix B. The ARTIST sea-ice (ASI) algorithm 1352 

The ARTIST Sea Ice (ASI) algorithm (Kaleschke et al., 2001; Spreen et al., 2008) is a modified hybrid of the Near 90 1353 

GHz algorithm (Svendsen et al., 1987) and the NASA Team algorithm (see App. D). Water and ice are distinguished at high 1354 

resolution by the TB polarization difference (P) at ~90 GHz:  1355 - = 	.�/�0 −	.�/�1 	1356 

The basic equations for the ASI algorithm are based on the Near 90 GHz algorithm of Svendsen et al. (1987): 1357 

 1358 - = 2 × ( × ∆4%56 × .%56 + (1 −  ) × ∆47896$ × .7896$)             (B1) 1359 

with the atmospheric influence 2 = (1.1 × :�; − 0.11) × :�; 1360 

 1361 

C is the total sea-ice concentration, T is the temperature, ∆4 is the difference in surface emissivity between vertical and 1362 

horizontal polarization for the ice or water surface fraction, and < is the total atmospheric optical depth for Arctic conditions 1363 

at this frequency and viewing conditions. For ice free (C = 0) and totally ice covered (C = 1) conditions, Eq. (B1) yields the 1364 

tie-points for open water -7896$ = 27896$ × ∆47896$ × .7896$  and sea ice -%56 = 2%56 × ∆4%56 × .%56 . Taylor expansions of Eq. 1365 

(B1) around C=0 and C=1 lead to a pair of equations for P, in which the atmospheric influences awater and aice can be substituted 1366 

with the aid of the tie point equations – provided that the variation of the atmospheric influence is small over water or ice (see 1367 

Spreen et al., 2008). After substitution one obtains  1368 

 = = >>?@ABC − 1D × = ∆E?@ABC	×	F?@ABC∆EGHB	×	FGHB�∆E?@ABC	×	F?@ABCD for C → 0               (B2) 1369 

 = >>GHB + = >>GHB − 1D × = ∆E?@ABC	×	F?@ABC∆EGHB	×	FGHB�∆E?@ABC	×	F?@ABCD for C → 1            (B3) 1370 

According to Svendsen et al. (1987) the ratio of the surface emissivity differences can be set to a constant value (-1.14). 1371 

With this simplification and by assuming that the atmospheric influence inherent in P is a smooth function of the sea-ice 1372 

concentration one can use a third order polynomial function to interpolate between the solutions of Eq. (B2) and Eq. (B3) to 1373 

obtain sea-ice concentrations between 0 and 1 as a function of P:   1374  (-) = IJ × -J + I� × -� + IK × - + I�              (B4) 1375 

The coefficients di are derived with a linear equation system based on Eq. (B2) and Eq. (B3) and their first derivatives 1376 

(Spreen et al., 2008).  1377 
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The larger, compared to the lower frequencies used in most products (see Table 2), weather influence at ~90 GHz 1378 

frequencies by atmospheric water content and surface wind speed can cause substantial over-estimation of the sea-ice 1379 

concentration over open water and within the ice edge (Kern, 2004; Andersen et al., 2006). Over open water, the weather 1380 

influence is reduced by combining sea-ice concentrations obtained with Eq. (B4) with NASA-Team algorithm (NTA, see also 1381 

App. D) sea-ice concentrations following: 1382  =  LM, 		for	 NFL > 5%;	 = 0%	for	 NFL ≤ 5%             (B5) 1383 

Hence, the ASI algorithm is a hybrid of the near-90GHz algorithm (Eq. (B1) through Eq. (B4)) and the NTA (Kaleschke 1384 

et al., 2001; Ezraty et al., 2007; Girard-Ardhuin, personal communication, June 3 2019). 1385 

We use the ASI algorithm sea-ice concentration product provided via the Integrated Climate Data Center: 1386 

https://icdc.cen.uni-hamburg.de [last access date: 27/2/2019]. This product is processed at the French Institute for Exploitation 1387 

of the Sea (IFREMER) from SSM/I and SSMIS data, and provided via ICDC after application of a running 5-day-median 1388 

filter, further reducing spurious weather-influence induced sea-ice concentration in the open water (Kern et al., 2010), on a 1389 

polar-stereographic grid with 12.5 km grid resolution (at 70 degrees latitude). We abbreviate this data with ASI-SSMI. 1390 

7.3 Appendix C. The Comiso-Bootstrap algorithm 1391 

The Comiso-Bootstrap algorithm (Comiso, 1986; Comiso et al, 1997; Comiso et al., 2003; Comiso and Nishio, 2008) 1392 

combines TB observations at either two different frequencies (frequency mode, 37 GHz and 19 GHz, vertical polarization) or 1393 

at two different polarizations (polarization mode, 37GHz, vertical and horizontal polarization). It is basrooted on the 1394 

observation that brightness temperatures measured at these frequencies / polarizations over closed sea ice tend to cluster along 1395 

a line (ice line) while those over open water tend to cluster around a single point in the respective two-dimensional brightness 1396 

temperature space. The total sea-ice concentration is computed using 1397 

 = F�RS�F�R,��S
F�R,UV �F�R,��S                   (C1) 1398 

with the brightness temperature measured at vertical polarization and frequency f = 37 GHz (polarization mode) or f = 19 GHz 1399 

(frequency mode): .�W0 , the open water tie point .�W,��0  at vertical polarization and the same frequency as .�W0 , and the 1400 

intersection of the ice line with a line from the open water tie point through the observed brightness temperature:                 1401 

.�W,,> = X × ���Y�L + �. Scalars A and B are functions of the ice tie points for first-year ice (FYI) and multiyear ice (MYI) at 37 1402 

GHz at vertical and horizontal polarization (polarization mode) or at 19 GHz and 37 GHz, both vertical polarization (frequency 1403 

mode). Q and W are functions of the actually observed brightness temperature and the water tie point at the respective 1404 

frequencies / polarizations. The two algorithms (frequency and polarization mode) are combined so that only the polarization 1405 

mode is used in high concentration conditions and the frequency mode otherwise.  1406 

We use daily gridded sea-ice concentrations derived with the Comiso-Bootstrap (CBT) algorithm from SMMR, 1407 

SSM/I and SSMIS instruments, as processed at NASA Goddard Space Flight Center (GSFC), and made available at 1408 

https://nsidc.org/data/nsidc-0079. They are on a polar-stereographic grid with 25 km grid resolution (at 70 degrees latitude). 1409 

We abbreviate this data with CBT-SSMI. For practical reasons, we access these GSFC CBT-SSMI fields from the NOAA sea-1410 

ice concentration CDR (App. F) files, where they are provided as additional data (Meier and Windnagel, 2018). The GSFC 1411 

CBT-SSMI sea-ice concentration data set involves manual filtering, especially at the beginning of the record (SMMR period). 1412 

In addition, we use daily gridded sea-ice concentrations derived with this algorithm from AMSR-E data (Comiso et al., 1413 

2003; Comiso and Nishio, 2008) as provided by NSIDC (AE_SI25.003, Cavalieri et al., 2014, 1414 

https://nsidc.org/data/ae_si25/versions/3, last access date: 26/4/2018) on the same polar-stereographic grid. The AMSR-E 1415 

Comiso Bootstrap algorithm sea-ice concentration is referred with CBT-AMSRE throughout this paper. Note that the NSIDC 1416 

product AE_SI25.003 does not contain CBT-AMSRE sea-ice concentrations itself. It contains the NT2 sea-ice concentration 1417 
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and the difference “Comiso Bootstrap minus NT2 sea-ice concentration”. Therefore, we needed to compute the CBT-AMSRE 1418 

sea-ice concentration by adding the NT2 sea-ice concentration to that difference. 1419 

7.4 Appendix D. The NASA-Team algorithm 1420 

The NASA-Team algorithm (Cavalieri et al., 1984, 1992, 1999) combines the large difference of the normalized 1421 

brightness temperature polarization difference at 19 GHz, -Z = F�[\S �F�	[\]F�[\S ^F�[\] , between water and ice, with the observation, that 1422 

the normalized brightness temperature frequency difference between 37 and 19 GHz at vertical polarization, _Z = F�`aS �F�[\SF�`aS ^F�[\S  1423 

, is negative for MYI and close to zero or slightly positive for FYI and open water. The total sea-ice concentration is derived 1424 

as the sum of the fractions of MYI and FYI, which is constrained to a maximum of 1: 1425 

 1426 

 bc, = bd^b[	e	>f^bg	×	hf^b̀ 	×	>f	×	hfi  ,  jc, = jd^j[	e	>f^jg	e	hf^j`	e	>f	e	hfi  , 1427 

with k = k� + kK × -Z + k� × _Z + kJ × -Z × _Z	            (D1) 1428 

 1429 

Where coefficients Fi, Mi and Di include the tie point information.  1430 

We use daily gridded sea-ice concentrations derived with the NASA-Team (NT1) algorithm from SMMR, SSM/I and 1431 

SSMIS instruments, as processed at NASA Goddard Space Flight Center (GSFC), and made available at 1432 

https://nsidc.org/data/nsidc-0051. They are on a polar-stereographic grid with 25 km grid resolution (at 70 degrees latitude). 1433 

We abbreviate this data with NT1-SSMI. For practical reasons, we access these GSFC NT1-SSMI fields from the NOAA sea-1434 

ice concentration CDR (App. F) files, where they are provided as additional data (Meier et al., 2017; Meier and Windnagel, 1435 

2018). The GSFC NT1-SSMI sea-ice concentration data set involves manual filtering, especially at the beginning of the record 1436 

(SMMR period). 1437 

7.5 Appendix E. The enhanced NASA-Team algorithm (NT2) 1438 

Inter-comparison studies such as those of Comiso and Steffen (2001) and Comiso et al. (1997) led to the development of 1439 

the enhanced NASA-Team algorithm (NT2) (Markus and Cavalieri, 2000; Comiso et al., 2003) to mitigate effects such as 1440 

layering in snow on sea ice on the accuracy of the sea-ice concentrations obtained with the NT1. The NT2 is conceptually 1441 

different from the other algorithms presented here. The three relevant parameters (see below) are modelled as a function of 1442 

sea-ice concentration in steps of 1% for 12 different atmospheric states using a radiative transfer model. The sea-ice 1443 

concentration resulting in the minimum cost function between modelled and observed values of these parameters is taken as 1444 

the retrieved total sea-ice concentration. The three parameters used are selected such that the influence of layering in snow on 1445 

sea ice is mitigated: 1446 

∆_Z = .�/�1 − .�K/1.�/�1 + .�K/1 − .�/�0 − .�K/0.�/�0 + .�K/0 	1447 

-ZK/$l9896& = −.�J�0 − .�K/0.�J�0 + .�K/0 × mno	pK/ 	+ .�K/0 − .�K/1.�K/0 + .�K/1 × qrm	pK/	 1448 

-Z/�$l9896& = − F�`aS �F�[\SF�`aS ^F�[\S × mno	p/� + F�\dS �F�\d]F�\dS ^F�\d] × qrm	p/�		                         (E1) 1449 

The rotation is done in the space given by PR19 and GR (see App. D) or by PR90 and GR for -ZK/$l9896& and -Z/�$l9896& , 1450 

respectively, at an angle Θ chosen such that the ice lines in the respective space are parallel to the GR axis. 1451 

We use daily gridded NT2 sea-ice concentrations derived from AMSR-E data as provided by NSIDC: AE_SI25.003 1452 

(Cavalieri et al., 2014, https://nsidc.org/data/ae_si25/versions/3, last access date: 26/4/2018) on polar-stereographic grid with 1453 

25 km grid resolution. We abbreviate this data with NT2-AMSRE. 1454 
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7.6 Appendix F. The NOAA/NSIDC sea-ice concentration CDR 1455 

The NOAA/NSIDC sea-ice concentration CDR combines sea-ice concentrations computed with the NT1 algorithm (App. 1456 

D) with those computed with the CBT algorithm (App. C), via 1457 

  = max( NFK,  +�F)	                (F1) 1458 

within the ice edge. The ice edge is defined by the CBT sea-ice concentration of 10%. The generation and characteristics of 1459 

the NOAA/NSIDC CDR as well as details about filters (see also Sect. 2.1) and about the statistical uncertainty estimate 1460 

provided with the product are described in Peng et al. (2013) and Meier and Windnagel (2018). We use the daily gridded sea-1461 

ice concentration data of NOAA/NSIDC CDR version 3, named NOAA-CDR in this manuscript, provided by NSIDC on polar-1462 

stereographic grid with 25 km grid resolution (Meier et al., 2017, https://nsidc.org/data/g02202/versions/3, last access date: 1463 

7/2/2019). 1464 

It is important to note that the data sets NT1-SSMI (App. D) and CBT-SSMI (App. C), both from GSFC are not used as input 1465 

in the NOAA/NSIDC CDR. Instead, sea-ice concentrations are computed at NSIDC using re-implementations of the two 1466 

algorithms, which allow for a fully-automated and transparent processing as required for a CDR, and combined with Eq. (F1). 1467 

One of the key difference between the NSIDC and GSFC versions is that the NSIDC ones do not involve manual editing, and 1468 

start with SSM/I in July 1987. 1469 

7.7 Appendix G. Matrices of sea-ice concentration, area, and extent differences 1470 

This subsection contains the full set of matrices of differences between all ten products of the overall hemispheric average 1471 

monthly mean sea-ice concentration of the AMSR-E measurement period and of the respective overall monthly mean sea-ice 1472 

area (SIA) and extent (SIE) in Fig. G1 through Fig. G6. 1473 

7.8 Appendix H. Gaussian fits for all ten products 1474 

This subsection contains the two sets of Gaussian fits obtained for the Arctic (Fig. H1) and Antarctic (Fig. H2) based on 1475 

the methodology described in Sect. 2.1.4; see also Fig. 3). These are the fits obtained from data of the overlap period between 1476 

the AMSR-E measurement period and the RRDP2 near-100% reference sea-ice concentration data set period, that is infor 1477 

winter of years 2007 through 2011. 1478 
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 1662 

Tables 1663 

 1664 

Table 1. Overview of relevant multi-channel satellite microwave sensors. 1665 

sensor relevant frequencies [GHz] operation periods 

Scanning Multichannel Microwave Radiometer (SMMR) 6.6, 10.7, 18.0, 21.0, 37.0 1978-10-25 – 1987-08-20 

Special Sensor Microwave/Imager (SSM/I) 19.4, 22.2, 37.0, 85.5 1987-07-09 – today  

Special Sensor Microwave Imager and Sounder (SSMIS) 19.4, 22.2, 37.0, 91.7 2003-10-18 – today  

Advanced Microwave Scanning Radiometer on EOS (AMSR-E) 6.9, 10.7, 18.7, 23.8, 36.5, 89.0 2002-05-05 – 2011-10-04 

Advanced Microwave Scanning Radiometer 2 (AMSR2) 6.9, 7.3, 10.7, 18.7, 23.8, 36.5, 89.0 2012-05-18 – today 

 1666 

Table 2. Overview of the investigated sea-ice concentration products. Column “ID (Algorithm)” holds the identifier we use henceforth to 1667 

refer to the data record, and which algorithm it uses. Group is an identifier for the retrieval concept used. Column “Input data” refers to the 1668 

input satellite data for the data set. Column “Open water filter” refers to whether weather-related spurious sea-ice concentrations in open 1669 

water and low concentration areas are filtered. Weather filters do not remove weather related noise over areas with near 100% sea-ice 1670 

concentration. Column “Atmospheric correction” refers to correcting the input TBs for a potential inherent weather influence using additional 1671 

independent weather information. Column “ErrorUncertainties” refers to provision of sea-ice concentration uncertainties, and “Period” is 1672 

the time period for which we use the data set, given as StartYearStartMonth-EndYearEndMonth. 1673 

 1674 

ID (algorithm) Group 
Input data & 

frequencies 
Grid resolution & type 

Open water 

filter 

Atmospheric 

correction 

ErrorUn

certaint

ies 

Period 

OSI-450 (SICCI2)  I 
SMMR, SSM/I, SSMIS               

19.35 & 37.0 GHz 
25 km x 25 km EASE2.0 Yes Yes Yes 

197901-

201512 

SICCI-12km (SICCI2) I 
AMSR-E, AMSR2          

18.7 & 89.0 GHz 
12.5 km x 12.5 km EASE2.0 Yes Yes Yes 

200205-

201705 

SICCI-25km (SICCI2) I 
AMSR-E, AMSR2        

18.7 & 36.5 GHz 
25 km x 25 km EASE2.0 Yes Yes Yes 

200205-

201705 

SICCI-50km (SICCI2) I 
AMSR-E, AMSR2         

6.9 & 36.5 GHz 
50 km x 50 km EASE2.0 Yes Yes Yes 

200205-

201705 

ASI-SSMI (ASI) III 
SSM/I, SSMIS                     

85.5 GHz 

12.5 km x 12.5 km 

PolarStereo 
Yes No No 

199201-

201812 

CBT-AMSRE (Comiso-

Bootstrap) 
II 

AMSR-E 

 18.7 & 36.5 GHz 
25 km x 25 km PolarStereo Yes No No 

200205-

201109 

CBT-SSMI (Comiso-

Bootstrap) 
II 

SMMR, SSM/I, SSMIS             

19.35 & 37.0 GHz 
25 km x 25 km PolarStereo Yes No No 

197810-

201712 

NT1-SSMI (NASA-Team) III 
SMMR, SSM/I, SSMIS             

19.35 & 37.0 GHz 
25 km x 25 km PolarStereo No No No 

197810-

201712 

NOAA-CDR (Comiso-

Bootstrap & NASA-Team) 
II 

SSM/I, SSMIS             

19.35 & 37.0 GHz 
25 km x 25 km PolarStereo Yes No Yes 

198708-

201712 

NT2-AMSRE (NASA-Team-2) IV 
AMSR-E                   

18.7, 36.5 & 89.0 GHz 
25 km x 25 km PolarStereo Yes Yes No 

200205-

201109 

 1675 

 1676 

 1677 

 1678 

 1679 
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Table 3. Inter-comparison results to near-100% SIC (RRDP2) for the Arctic (see Fig. 14 a). Rows “Gaussian”: Mean difference of modal 1680 

value of Gaussian fit to satellite SIC ≤ 99% (compare Fig. 3) minus near-100% reference SIC (RRDP2 SIC) ± one sigma of the Gaussian fit  1681 

(see Fig. 14 a). Rows “’Non-truncated”: Mean difference satellite SIC minus RRDP2 SIC ± one standard deviation of the difference for 1682 

SICCI and OSI-450 products. Rows “Truncated”: Mean difference of satellite SIC constrained to a maximum value of 100% minus RRDP2 1683 

SIC ± one standard deviation of the difference. All values in these rows are given in percent sea-ice concentration. Values in rows denoting 1684 

the periods 2007-2015 and 2007-2011, contain the number of valid data pairs. See text for meaning of * in column “NT2-AMSRE”. 1685 

Group I III II IV 

NH SICCI-12km SICCI-25km SICCI-50km OSI-450 ASI-SSMI NT1-SSMI CBT-SSMI NOAA-CDR CBT-AMSRE NT2-AMSRE 

2007-2015 23262 23262 23262 23343 23343 23343 23343 23037 -- -- 

Gaussian -2.4±5.2 -1.2±3.1 -0.5±1.9 -1.0±3.0 -4.1±3.6 +0.1±5.2 +1.4±4.5 +2.7±4.6 -- -- 

Non-truncated -4.2±5.9 -2.2±3.7 -0.5±2.1 -1.9±3.6 -- -- -- -- -- -- 

Truncated -4.8±5.2 -2.7±3.1 -1.1±1.5 -2.4±3.0 -4.5±3.5 -2.6±4.5 -1.1±1.9 -0.7±1.6 -- -- 

2007-2011 13351 13351 13351 13432 13432 13432 13432 13126 13344 13344 

Gaussian -2.4±5.0 -1.0±2.9 -0.4±1.9 -0.8±2.8 -3.7±3.7 +0.9±4.6 +1.3±3.6 +3.5±5.0 +1.0±3.9 -0.7±1.7* 

Non-truncated -4.2±5.4 -2.0±3.5 -0.6±2.0 -1.7±3.3 -- -- -- -- -- -- 

Truncated -5.0±5.0 -2.8±3.1 -1.4±1.6 -2.2±2.7 -3.9±3.1 -1.9±3.7 -0.9±1.7 -0.6±1.4 -1.1±1.8 -0.9±1.0 

 1686 

Table 4. As Table 3 but for the Antarctic (see Fig. 14 b). 1687 

Group I III II IV 

SH SICCI-12km SICCI-25km SICCI-50km OSI-450 ASI-SSMI NT1-SSMI CBT-SSMI NOAA-CDR CBT-AMSRE NT2-AMSRE 

2007-2015 6397 6397 6397 6449 6449 6449 6449 6430 -- -- 

Gaussian -0.7±3.7 -1.1±3.0 -0.3±2.5 -1.1±3.1 -6.2±3.9 -5.1±5.9 +0.2±4.5 +0.8±4.4   

Non-truncated -0.7±4.0 -1.4±4.0 -0.7±2.4 -1.5±3.8 -- -- -- -- -- -- 

Truncated -1.9±2.9 -2.3±3.0 -1.3±1.7 -2.3±2.9 -6.5±4.0 -6.0±5.5 -1.7±2.4 -1.3±2.1 -- -- 

2007-2011 5896 5896 5896 5896 5896 5896 5896 5877 5896 5896 

Gaussian -0.6±4.2 -1.1±3.0 -0.3±2.5 -1.1±3.1 -5.6±4.0 -5.4±6.5 -0.2±4.6 +0.9±4.5 +0.2±5.4 -0.2±3.2* 

Non-truncated -0.7±3.9 -1.5±3.8 -0.8±2.4 -1.5±3.7 -- -- -- -- -- -- 

Truncated -2.1±2.9 -2.6±3.1 -1.6±1.9 -2.2±2.8 -6.4±4.0 -5.8±5.5 -1.7±2.4 -1.3±2.1 -1.8±2.5 -0.3±0.5 

 1688 

Table 5. Summary of the statistics of the comparison between daily mean ship-based and satellite SIC data (see Fig. 15, black symbols) for 1689 

– from top to bottom - the entire year, only winter and only summer. DIFF is the mean difference satellite minus ship-based SIC, SDEV is 1690 

the respective standard deviation; R² is the squared linear correlation coefficient. All concentration values are given in percent. 1691 

Group I III II IV 

All year SICCI-12km SICCI-25km SICCI-50km OSI-450 ASI-SSMI NT1-SSMI CBT-SSMI NOAA-CDR CBT-AMSRE NT2-AMSRE 

DIFF -6.9 -7.8 -7.3 -7.3 -5.4 -13.8 +0.4 +0.6 -0.7 -0.7 

SDEV 12.0 12.1 12.4 12.9 16.1 14.5 13.4 13.3 12.9 13.3 

R² 0.784 0.781 0.775 0.734 0.647 0.693 0.737 0.745 0.778 0.767 

Winter           

DIFF -7.4 -7.4 -6.2 -7.4 -8.6 -14.2 <|0.1| -0.2 -1.5 -0.3 

SDEV 12.6 11.8 11.8 12.8 17.4 13.8 10.9 11.6 12.6 11.5 

R² 0.558 0.594 0.606 0.591 0.429 0.507 0.595 0.587 0.551 0.595 

Summer           

DIFF -6.7 -8.0 -7.9 -7.3 -3.7 -13.6 +0.7 +0.9 -0.3 -0.9 

SDEV 11.7 12.3 12.7 12.9 15.1 14.9 14.5 14.0 13.1 14.1 

R² 0.814 0.793 0.780 0.754 0.722 0.702 0.734 0.750 0.806 0.771 
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Table 6. As Table 5 but for the Antarctic (see Fig. 16, black symbols). 1702 

Group I III II IV 

All year SICCI-12km SICCI-25km SICCI-50km OSI-450 ASI-SSMI NT1-SSMI CBT-SSMI NOAA-CDR CBT-AMSRE NT2-AMSRE 

DIFF -3.0 -4.4 -3.1 -3.8 -3.3 -11.0 -1.8 -2.3 -1.4 +4.5 

SDEV 13.4 13.8 14.0 13.7 15.7 14.8 15.2 15.5 14.8 16.9 

R² 0.763 0.745 0.737 0.733 0.671 0.698 0.711 0.716 0.755 0.679 

Winter           

DIFF -1.6 -2.7 -2.6 -3.2  -3.6 -11.6 -1.6 -2.0 +0.2 +3.8  

SDEV 9.8 9.6 10.5 10.5 10.6 11.7 10.7 11.0 9.5 10.7 

R² 0.771 0.771 0.741 0.731 0.659 0.700 0.748 0.751 0.753 0.732 

Summer           

DIFF -3.9 -5.6 -3.4 -4.2 -3.1 -10.6 -2.0 -2.5 -2.5 +5.0 

SDEV 15.3 16.1 16.0 15.6 18.4 16.6 17.7 17.9 17.4 20.0 

R² 0.698 0.666 0.675 0.667 0.614 0.640 0.643 0.651 0.693 0.621 

 1703 

 1704 

Table 7. Summary of hypothetic daily average sea-ice concentrations from Figure 17 for top: the pack ice case (a) and bottom the marginal 1705 

ice zone (MIZ) (b). Left two columns: sea-ice concentrations as shown in Figure 17; middle two columns: illustration of the effect of sea-1706 

ice concentration under-estimation for thin ice; right two columns: illustration of the effect of sea-ice concentration over-estimation, e.g. 1707 

thick ice with a wet snow cover (top), or of sea-ice concentration under-estimation, e.g. MIZ during end of summer (bottom). 1708 

 1709 

Pack ice, a) Lead is open water 
Lead is thin ice; Satellite 

underestimates by 20% 

Lead is open water; ice surface properties cause 

5% over-estimation on 50% of the ice 

 Ship Satellite Ship Satellite Ship Satellite 

Day 1 48 92 100 98 48 96 

Day 2 100 95 100 99 100 98 

Day 3 68 90 100 97 68 95 

MIZ, b)  
50% of sea ice is thin ice; Satellite 

underestimates by 20% 

50% of sea ice is soaked wet; Satellite fails to see 

this as ice 

 Ship Sat Ship Satellite Ship Satellite 

Day 1 35 40 35 36 35 20 

Day 2 67 38 67 35 67 19 

Day 3 63 63 63 57 63 44 
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Figures 1731 

 1732 

 1733 

 1734 

Figure 1. Time series of the monthly mean 5%-percentile sea-ice concentration of the range ]0.0% to 30.0%] for the Arctic infor (a) March 1735 

and (g) September for all ten products. (b) to (f) and (h) to (l) Daily cumulative sea-ice concentration distributions of five selected products 1736 

infor these two months, respectively, infor a sample year: 2004. See Table 2 for the time periods with data from the respective products. 1737 
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 1738 

 1739 

Figure 2. Time series of the monthly mean 5%-percentile sea-ice concentration of the range ]0.0% to 30.0%] for the Antarctic infor (a) 1740 

September and (g) February for all ten products. (b) to (f) and (h) to (l) Daily cumulative sea-ice concentration distributions of five selected 1741 

products forin these two months, respectively, infor a sample year: 2004. See Table 2 for the time periods with data from the respective 1742 

products. 1743 
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 1744 

 1745 

Figure 3. Examples of the sea-ice concentration distribution at near-100% reference sea-ice concentration locations. Black symbols and 1746 

lines show values cut off at 100%; blue lines denote the original distribution (for SICCI-25km and SICCI-50km only); red lines denote the 1747 

distribution resulting from the Gaussian fit to values of the distribution ≤ 99%. In each panel,image the modal sea-ice concentration (= center 1748 

of the Gaussian fit: Cmodal), the standard deviation of the fit σC and fit parameters with respect to the fraction of the distribution ≤ 99% (F99, 1749 

∆F99, see text for more explanation) and the root-mean-squared difference (RMSD) between original and fitted probability are given. (a) to 1750 

(c) Arctic, (d) to (f) Antarctic. See Appendix H for Fig. H1 and Fig. H2 containing plots of this kind for all ten products. 1751 
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 1752 

Figure 4. Illustration of the typical distribution of near-100% SIC reference data by means of the co-located OSI-450 sea-ice concentration 1753 

forin (a,b) the Arctic and (c,d) the Antarctic forin a year with good (left) and poor (right) data coverage. 1754 
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 1755 

Figure 5. Spatiotemporal distribution of the ship tracks infor (a,b) the Arctic and (c,d) the Antarctic from which ship-based visual 1756 

observations of the sea-ice cover were used. Maps on the left illustrate the years, maps on the right distinguish between winter (red) and 1757 

summer (cyan) months.  1758 
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 1759 

Figure 6. Arctic sea-ice area (a,b) and extent (c,d) computed forin (a,c) winter (March) and (b,d) summer (September) from the sea-ice 1760 

concentration data sets used. See Table 2 for start and end month of the respective time series.  1761 
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 1762 

Figure 7. As Fig. 6 but for the Antarctic. 1763 

 1764 
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 1765 

Figure 8. (a) to (j) Maps of the difference between the multi-annual average monthly SIC of the individual algorithms and the 10-algorithm 1766 

ensemble median multi-annual average monthly SIC (k) for the Arctic in winterfor (March) 2003-2011. Differences are only computed for 1767 

sea-ice concentration of both data sets > 15%. Roman numbers I to IV denote the group assigned to the respective algorithm (see text for 1768 

details). 1769 
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 1770 

Figure 9. Differences (row minus column) between all ten products of, from left to right, the average sea-ice concentration SIC, average 1771 

SIA, and average SIE for the Arctic (NH) forin winter (a) through (c) and summer (d) through (f). The averages are computed from monthly 1772 

mean values of the respective months (MARch, SEPtember) of the AMSR-E period 06/2002 to 09/2011. All data are on EASE 2.0 grid with 1773 

50 km grid resolution. The land-mask of the SICCI-50km product is applied to all products. Roman numbers I to IV denote groups according 1774 

to Table 2. For matrices of all remaining months we refer to Fig. G1 through Fig. G3 in Appendix G. 1775 

 1776 
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 1777 

Figure 10. (a) to (j) Maps of the difference between the multi-annual average monthly SIC of the individual algorithms and the 10-algorithm 1778 

ensemble median multi-annual average monthly SIC (k) for the Antarctic in winterfor (September) 2002-2011. Differences are only 1779 

computed for sea-ice concentration of both data sets > 15%. Roman numbers I to IV denote the group assigned to the respective algorithm 1780 

(see text for details). 1781 
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 1782 

Figure 11. As Fig. 10 but in summerfor (January) 2003-2011. 1783 

 1784 
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 1786 

Figure 12. Differences (row minus column) between all ten products of, from left to right, the average sea-ice concentration SIC, average 1787 

SIA, and average SIE for the Antarctic (SH) forin winter (a) through (c) and summer (d) through (f). The averages are computed from 1788 

monthly mean values of the respective months (SEPtember, FEBruary) of the AMSR-E period 06/2002 to 09/2011. All data are on EASE 1789 

2.0 grid with 50 km grid resolution. The land-mask of the SICCI-50km product is applied to all products. Roman numbers I to IV denote 1790 

groups according to Table 2. For matrices of all remaining months we refer to Fig. G4 through Fig. G6 in Appendix G. 1791 

 1792 

 1793 

 1794 

Figure 13. Cumulative distribution of the SIC difference to 100% at the near-100% reference SIC locations for all ten algorithms based on 1795 

data forof years 2007 through 2011 for (a) the Arctic, and (b) the Antarctic. Roman numbers at the top denote product groups (see Table 2). 1796 

 1797 
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 1798 

Figure 14. Summary of the results of the inter-comparison to the near-100% reference SIC (RRDP2) for (a) the Arctic and (b) the Antarctic. 1799 

Shown for each sea-ice concentration product in black is the center of the Gaussian fit of the sea-ice concentration ≤ 99% at the respective 1800 

RRDP2 locations (see Fig. 43). Bars denote ± one standard deviation of the Gaussian fit. For symbol pairs (all products but CBT-AMSRE 1801 

and NT2-AMSRE) the left symbol is based on data ofdenotes results for years 2007-2011, the right one on data offor years 2007-2015. Blue 1802 

symbols denote the mean non-truncated sea-ice concentration at the near-100% reference SIC for OSI-450 and SICCI products; blue bars 1803 

denote the respective sea-ice concentration standard deviation. Roman numbers at the top denote product groups (see Table 2). No values 1804 

are shown for NT2-AMSRE, because a Gaussian fit could not be adequately applied. 1805 
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 1806 

Figure 15. Scatterplots of co-located daily average SIC from visual ship-based observations (ASPeCt, x-axis, note that these are 1807 

ASSIST/IceWatch for the Arctic) and the ten satellite SIC algorithm products (SAT, y-axes) for the Arctic duringfor years 2002-2011. Red 1808 

symbols denote the average satellite SIC binned into 10% ASPeCt SIC intervals (except 0 … 5% and 95% … 100%, where 5% bins are 1809 

used). Blue symbols denote the average ASPeCt SIC binned into 10% satellite SIC intervals, respectively. Error bars denote one standard 1810 

deviation of the average. Dotted lines denote the identity line1-to-1 fit. Solid lines denote the linear regression of the respective value pairs. 1811 

The mean difference and the standard deviation, the linear regression equation, the number of valid data pairs (N), and the squared linear 1812 

correlation coefficient  (R²) is given in the top left or every image for the daily SIC values. Roman numbers I to IV denote the group assigned 1813 

to the respective algorithm (see text for details). 1814 

 1815 
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 1816 

Figure 16. As Fig. 15 but for the Antarctic. 1817 
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 1825 

Figure 17. Illustration of the representativity of ship-based observations (red ellipses and numbers) compared to gridded satellite 1826 

observations (black grid and numbers) for a) close pack ice with leads and b) an open sea-ice cover in the marginal ice zone. Size of ellipses 1827 

is in scale with the grid-cell size of 25 km by 25 km. Short black bars denote transitions between days. See also Table 7. 1828 

 1829 
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 1830 

Figure G1. Differences between all ten products of the average sea-ice concentration for the Arctic. The averages are computed from 1831 

monthly mean values of the respective months of the AMSR-E period 06/2002 to 09/2011. All data are on EASE 2.0 grid with 50 km grid 1832 

resolution. The land-mask of the SICCI-50km product is applied to all products. 1833 
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 1834 

Figure G4. As Fig. G1 but for the Antarctic. 1835 
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 1836 

Figure G2. Differences between all ten products of the average sea-ice area (SIA) for the Arctic. The differences are computed from monthly 1837 

mean SIA of the respective months of the AMSR-E period 06/2002 to 09/2011. All data are on EASE 2.0 grid with 50 km grid resolution. 1838 

The land-mask of the SICCI-50km product is applied to all products. 1839 
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 1840 

Figure G5. As Fig. G2 but for the Antarctic. Note the larger range of the SIA differences compared to the Arctic. 1841 
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 1842 

Figure G3. Differences between all ten products of the average sea-ice extent (SIE) for the Arctic. The differences are computed from 1843 

monthly mean SIE of the respective months of the AMSR-E period 06/2002 to 09/2011. All data are on EASE 2.0 grid with 50 km grid 1844 

resolution. The land-mask of the SICCI-50km product is applied to all products. 1845 
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 1846 

Figure G6. As Fig. G3 but for the Antarctic. Note the larger range of the SIE differences compared to the Arctic. 1847 
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 1848 

 1849 

Figure H1. Sea-ice concentration distribution at RRDP2 near-100% reference sea-ice concentration locations in the Arctic during winter for 1850 

2007-2011. Black symbols and lines show values cut off at 100%; blue lines denote the original distribution (for OSI-450, SICCI-12km, 1851 

SICCI-25km and SICCI-50km); red lines denote the distribution resulting from the Gaussian fit to values of the distribution ≤ 99%. In each 1852 

image the modal sea-ice concentration (= center of the Gaussian fit: Cmodal), the standard deviation of the fit σC and fit parameters with 1853 

respect to the fraction of the distribution ≤ 99% (F99, ∆F99, see text in Sect. 2.1.4 for more explanation) and the root-mean-squared difference 1854 

(RMSD) between original and fitted probability are given. 1855 
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 1856 

Figure H2. As Fig. H1 but for the Antarctic. 1857 


