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Abstract We present a new version of the sea ice concentration component of the Met Office Hadley
Centre sea ice and sea surface temperature data set, HadISST.2.1.0.0. Passive microwave data are
combined with historical sources, such as sea ice charts, to create global analyses on a 1° grid from 1850 to
2007. Climatology was used when no information about the sea ice was available. Our main aimwas to create
a homogenous data set by calculating and applying bias adjustments using periods of overlaps between the
different data sources used. National Ice Center charts from 1995 to 2007 have been used as a reference to
achieve this. In particular, large bias adjustments have been applied to the passive microwave data in both
the Antarctic and Arctic summers. Overall, HadISST.2.1.0.0 contains more ice than HadISST1.1, with higher
concentrations, shorter marginal ice zones, and larger extents and areas in some regions and periods. A new
method for estimating the concentrations within the ice pack using the distance from the ice edge has been
developed and evaluated. This was used when only the extents were known or the original concentration
fields were heterogeneous. A number of discontinuities in the HadISST1.1 record are no longer found
in HadISST.2.1.0.0.

1. Introduction

This paper is the first of a three-part series describing the development of version 2.1.0.0 of the Met Office
Hadley Centre sea ice and sea surface temperature data set, HadISST.2.1.0.0. It contains global fields of
monthly sea surface temperature (SST) and sea ice concentrations on a regular 1° longitude by 1° latitude
grid, from 1850 to 2007 (see section 5 for information on further updates). This first part describes the de-
velopment of the sea ice concentrations, whereas the second paper, currently in preparation by Kennedy
et al., focuses on the SST component. The final part, currently in preparation by Rayner et al., describes the
combination of the two analyses as well as further products, such as the estimation of a daily 0.25° resolution
product from the monthly 1° analyses.

The HadISST sea ice data set is used by climate researchers for a number of different purposes. For example, it
is used for the evaluation of coupled atmosphere-ocean climate models [e.g., Keen et al., 2013; Hewitt et al.,
2011; The HadGEM2 Development Team, 2011;McLaren et al., 2006], for the forcing of atmospheric models and
dynamical reanalyses in the reproduction of recent climate [Scaife et al., 2009; Kusunoki et al., 2009; Uppala
et al., 2005; Compo et al., 2011], and in the assessment of model projections [Stroeve et al., 2007, 2012]. Regular
monthly updates alsomake it an option for climatemonitoring, for example, in themonitoring of the summer
Arctic sea ice, which is known to be declining at a rapid rate [Meier et al., 2007; Stroeve et al., 2011; Cavalieri
and Parkinson, 2012]. Sea ice concentrations can also be used to estimate SST in nearby areas of water [Rayner
et al., 2003]. To fulfil some of the user requirements, HadISST is a globally complete product, which inevitably
means that information in some grid boxes has been estimated. In cases where whole regions or periods are
missing, the sea ice is based on climatology. Care must therefore be taken when using the data set for climate
monitoring, variability, or trend studies.

The aim of this work is to improve upon HadISST1.1 [Rayner et al., 2003], primarily by using new data sources
that have become available and by applying bias adjustments. There is also a known discrepancy in the time
series of HadISST1.1 Arctic sea ice in 1996/1997 [Stroeve et al., 2007; Meier et al., 2007, 2012] due to a change
in the source of passive microwave retrievals. A switch of passive microwave sensor at the start of 2009
resulted in a discontinuity in both the Arctic and Antarctic concentrations then. HadISST1.1 contains limited
bias adjustments due to a lack of overlaps between different data sources that were available at the time of
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the data set construction. Other discontinuities are therefore likely to exist, for example, at the start of the
passive microwave record in 1979 [Notz and Marotzke, 2012]. Meier et al. [2012] have also attempted to
produce a more consistent time series from 1953 to 2011, although only for sea ice extents in the Arctic. We
aim here to make a more consistent global record of sea ice concentrations than provided in HadISST1.1 by
using new data sources, applying new bias adjustments, and improving the method used in the estimation of
concentrationswhen only information about the ice edge is known. Through using bias adjustments developed
from overlap periods between data sources, we also aim for an internally consistent record.

Section 2 of this paper describes the data sources used, beginning with passive microwave retrievals and
then focusing on the earlier historical sources. In section 3 we describe the HadISST.2.1.0.0 data set con-
struction in detail, including the processing of each individual source, any bias adjustments, and the esti-
mation of concentrations when only information on the position of the ice edge is known. Section 4 presents
the resulting data set and compares it with other sea ice products. Conclusions and discussion are given in
section 5, which also includes suggestions of future work and information about forthcoming data set up-
dates and availability.

2. Data Sources

It is necessary to use a number of data sources to create a long-term time series of sea ice concentrations that
extends back prior to the satellite era. The spatial and temporal coverage for each of the sources used within
this analysis is summarized in Figure 1. In this section we describe the sources used and highlight the pros
and cons of the different types of data.

2.1. Ocean and Sea Ice Satellite Application Facility Passive Microwave Retrievals

Passive microwave sensors have provided a continuous source of information about sea ice since October
1978, when the Scanning Multichannel Microwave Radiometer (SMMR) instrument on board NASA’s Nimbus
7 satellite provided passive microwave retrievals every other day until August 1987. From July 1987, the
Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave Imager/Sounder (SSMI/S) sensors on
board the Defense Meteorological Satellite Program (DMSP) series of satellites have monitored the sea ice
daily and continue to do so.

Primary HadISST.2.1.0.0 sea ice data sources
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Figure 1. A timeline outlining the primary sources of sea ice data used in HadISST.2.1.0.0, including information about the
product grids and resolution. Dashed lines indicate data used for the calculation of bias adjustments only. Purple dashed
lines indicate the post-1994 NIC ice chart data that were used as a reference in the bias adjustment calculations.
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Passive microwave sea ice observations from the Electrically Scanning Microwave Radiometer (ESMR) aboard
NOAA’s Nimbus 5 satellite are available from December 1972 to December 1976. However, unlike the more
recent SMMR, SSM/I, and SSMI/S sensors, which have providedmultichannel measurements, the ESMR sensor
only provided single-channel measurements. It is therefore necessary to process the ESMR brightness
temperatures using a different (single-channel) algorithm [Parkinson et al., 2004] (http://nsidc.org/data/nsidc-
0009.html). Not only is there a gap in the passive microwave time series from January 1977 to September
1978 (when ESMR data are combined with the later data), but there is a lack of an overlap period with the
SMMR sensor to ensure consistency. Unlike Meier et al. [2012], we therefore chose not to use the ESMR data
within this study.

A number of algorithms have been developed to estimate sea ice concentrations from the brightness tem-
peratures recorded by the passive microwave multichannel sensors, starting with the NASA Team algorithm
[Cavalieri et al., 1984] and the Bootstrap algorithm [Comiso, 1986]. Since then a number of other algorithms
have been developed. More recently, passive microwave sea ice concentration retrievals have been
reprocessed by the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT)
Ocean and Sea Ice Satellite Application Facility (OSI SAF) back to October 1978 using a hybrid algorithm
[European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite
Application Facility, 2010] (http://osisaf.met.no/p/ice/#conc-reproc). This hybrid algorithm is a combination of
the Bootstrap algorithm in frequency mode [Comiso, 1986] and the Bristol algorithm [Smith, 1996; Hanna and
Bamber, 2001]. These algorithms have been chosen to reduce sources of error. Andersen et al. [2006] found
that the Bootstrap algorithm in frequency mode had the lowest sensitivity to atmospheric noise over open
water, and Andersen et al. [2007] found that the Bristol algorithm had low sensitivity to atmospheric emission,
particularly at high concentrations. OSI SAF therefore gave high weighting to the Bootstrap frequency mode
algorithm at low concentrations and high weighting to the Bristol algorithm at high concentrations. It is the
first passive microwave sea ice concentration product to include uncertainty estimates for each retrieved
value (these are given as a standard deviation). Data are available on a 12.5 km EASE (Equal-Area Scalable
Earth) grid (as well as a polar stereographic grid).

Sea ice concentrations based on passive microwave retrievals have a number of known limitations, especially
due to the impact of surface conditions. These include the underestimation of ice due to the presence of melt
ponds on the surface of the ice in the Arctic during summer [Inoue et al., 2008; Andersen et al., 2007] and snow
and slush (a mixture of snow and grease ice) [Shokr and Kaleschke, 2012; Andersen et al., 2007]. New/thin ice is
also notoriously hard to detect from passive microwave retrievals [Shokr and Kaleschke, 2012; The Joint
WMO-IOC Technical Commission for Oceanography and Marine Meteorology, 2008]. Other problems include
land contamination around the coasts and weather effects (due to wind roughening over open water or
water vapor in the atmosphere) [EUMETSAT Ocean and Sea Ice Satellite Application Facility, 2010; Andersen
et al., 2007]. These effects are not fully accounted for in the OSI SAF uncertainty estimates. Despite these
problems, passive microwave data provide a consistent record of concentrations, with a high temporal and
spatial resolution and near-complete coverage. This provides many advantages over using any alternatives
(such as sea ice charts; see section 2.2).

In this paper we use version 1.0 of the OSI SAF reprocessed passive microwave sea ice concentrations, which
covers the period 25 October 1978 to 31 December 2007. The latest version of the OSI SAF product (v1.1) has
been updated to 24 October 2009 with uncertainties, and a new product is planned for 2014 that will provide
a subsequent update as well as further regular daily updates with a 16 day lag (S. Eastwood, OSI SAF, personal
communication, 2013). It is for these reasons (as well as the hybrid algorithm used) that we chose the OSI SAF
passive microwave product as the primary data source for HadISST.2.1.0.0.

2.2. Sea Ice Charts

There are a number of different ice services around the world that operationally produce sea ice charts for
navigational purposes. These charts are compiled by ice analysts, who visually interpret the variety of sources
of sea ice information that are available to them. Polygons are drawn on each chart, which depict areas of ice
that show particular characteristics and are of a given concentration (or concentration range). The analysts
utilize their expert knowledge to decide which sources to base their analysis on in different situations (e.g.,
when melt ponds are present, when weather contamination is seen, or when particular types of ice
are present).
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Early sea ice charts, produced prior to the satellite era, were manually drawn on paper and based on
observations from polar meteorological stations, ships, and air reconnaissance. The lack of high-quality
data meant that the charts often contained less detail than current charts. As the number of data sources
increased over the last few decades, charts were based on retrievals from passive and then active satellite
instruments. The many changes in the quantity and resolution of the data sources, and improvements
in analysis techniques, have resulted in inhomogeneous records of sea ice concentrations from charts
and increases of chart detail through time. Charts have become increasingly accurate, particularly since
the mid-1990s when high-resolution synthetic aperture radar (SAR) C-band data from the RADARSAT-1
satellite became available and were preferentially used to inform charts [The Joint WMO-IOC Technical
Commission for Oceanography and Marine Meteorology, 2008]. SAR is an active microwave instrument that
produces high-resolution imagery (with a nominal resolution of 8–100m depending on the mode) of the
Earth’s surface in all weather conditions. Sea ice typically reflects more radar waves than open water,
making the two easy to distinguish from the images. However, the results are dependent on the physical
properties of the ice (such as the type of ice), making the images useful for the production of detailed
operational ice charts but complex to interpret. SAR data are available at a cost, and the coverage each
day is dependent on location and spatial resolution of the beam modes used (see the Canadian Space
Agency website for more information, http://www.asc-csa.gc.ca/eng/satellites/radarsat1/default.asp).
Therefore, ice analysts cannot rely on SAR imagery alone and often use other remote sensing data such as
visible and infrared imagery. It should be noted that the recent charts from many ice services are not
completely independent of passive microwave data, although its relatively low-resolution imagery is
usually only used as a last resort (occasions for its use have decreased with time as the number of alternative
sources has grown [National Ice Center, 2006; The Joint WMO-IOC Technical Commission for Oceanography and
Marine Meteorology, 2008]).

Due to the manual analysis method employed, the spatial variability within each chart is always low (relative
to a passive microwave concentration product) and total concentration values (or ranges) are given in tenths.
There is also a degree of subjectivity in the production of the charts, and focus is given to the marginal ice
zone (where vessels are most likely to navigate). While it might be expected that, in preparing their charts ice
analysts would overestimate the position of the ice edge to reduce danger to shipping, we found no evi-
dence to suggest this is the case from detailed discussions of working practices and procedures at the Ice
Analysts Workshop [The Joint WMO-IOC Technical Commission for Oceanography and Marine Meteorology,
2008]. The use of different ice analysts may have also resulted in inconsistencies through time. It should be
noted that the charts are not reproducible, due to the manual method employed and because the imagery
that they are based on are not always archived. Despite these limitations, the main strength of the sea ice
charts is that they make the most out of the multiple data sources that are available. They are an expert’s best
guess at the “true” state of the ice conditions.

2.2.1. National Ice Center Sea Ice Charts
The National Ice Center (NIC), based in the U.S., has produced sea ice charts for the Arctic since 1972 and for
the Antarctic since 1973. Early analyses were reliant on infrared, visible, and single-channel passive micro-
wave imagery alongside some aerial reconnaissance data, with the use of in situ observations from ships for
verification when possible. To provide complete hemispheric coverage, analysts often had to make educated
guesses of the ice coverage in the 1970s, as data were not always available [National Ice Center, 2006]. Charts
were hand drawn until 1995 and were output weekly until 2001 when production dropped to biweekly. NIC
sea ice charts were usually based on data that were up to 72 h old. Older data have sometimes been used but
adjusted using model guidance [National Ice Center, 2006]. Although the NIC charts are based on data
assembled over several days, the ice analysts project the information forward to create a chart valid for a
given day [Fetterer, 2006; Dedrick et al., 2001].

Arctic NIC sea ice charts are available on the National Snow and Ice Data Center (NSIDC) website in gridded
digital format [National Ice Center, 2006]. This data set currently contains concentrations from when the ice
charts began in 1972 through to 2007 on a 25 km EASE grid. Unfortunately, data south of 45°N are excluded
from the product even though ice can often extend further south than this in the Gulf of St. Lawrence, the Sea
of Okhotsk, and the Sea of Japan/East Sea.

Gridded NIC data for the Antarctic are not readily available. In 1996, the National Climate Data Center and
NSIDC distributed a CD-ROM containing Arctic and Antarctic NIC chart concentrations for 1972 to 1994
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[National Ice Center, Fleet Numerical Meteorology and Oceanography Detachment, and National Climatic Data
Center, 1996]. NSIDC became aware of errors in the partial concentrations (concentrations for different ice
types within a given area) on this product in 1997 and subsequently withdrew it. Here we use only the total
concentrations (i.e., concentrations for all types of ice combined) for the Antarctic from this data set, which
are available from 1973 until 1994 on a regular 0.25° longitude by 0.25° latitude grid. Shapefiles containing
concentrations for some more recent years are available on the NIC website (http://www.natice.noaa.gov).
The files provided for 2003 to 2007 have been obtained from the NIC website and gridded onto a 25 km EASE
grid for use in this study. For both sets of Antarctic NIC chart data, the mean was taken when a concentration
range was given (e.g., 90% is used for 8–10/10th). This is consistent with the gridded NIC chart data for the
Arctic provided by NSIDC, already provided by them as mean values.

Current reporting practice is for the NIC ice analysts to mark the central ice pack as 9–10/10th, resulting in a
concentration of 95%. However, this was not always the case and between the years of 1976 and 1986
convention was to use 10/10th (100%). This introduces an artificial discontinuity within the time series of
concentrations [Partington et al., 2003]. For this reason we initially set all values of 95% to 100% in the NIC
gridded data for both hemispheres but revisit this later in section 3.

It has been estimated that at best the present-day NIC ice chart concentrations have an uncertainty of 10%
for values below 80% and an uncertainty<10% for values of 80% and above between the seasons of autumn
and spring [The Joint WMO-IOC Technical Commission for Oceanography and Marine Meteorology, 2008]. In the
summer the uncertainties increase to 30% and<20%, respectively. These values are based on charts that are
derived using the best available data sources, in particular when high-resolution SAR imagery is available. The
uncertainties would otherwise be larger.

As the OSI SAF passive microwave data were used as the primary source of data in HadISST.2.1.0.0 and due to
the drawbacks highlighted in section 2.2, the NIC charts were only used directly in the construction of the
data set in the absence of OSI SAF data, during the period from 1972/1973 to November 1978. However, the
data after this period were used for comparisons and adjustments (Figure 1; see later in section 3 for details).

2.3. Walsh and Chapman Arctic Compilation

Walsh and Chapman have developed a data set containing Arctic sea ice concentrations [Walsh, 1978;Walsh
and Johnson, 1978; Chapman and Walsh, 1991;Walsh and Chapman, 2001]. It contains a compilation of many
different historical sources such as sea ice charts (see section 2.2) and reports, dating back to 1901. For
HadISST.2.1.0.0 we used the same data as were used for HadISST1.1. End of month values on a regular 1°
longitude by 1° latitude grid were provided by John Walsh.

Data prior to 1953 are primarily based on April to August ice edges from ice charts within Danish
Meteorological Institute (DMI) annual reports, which were originally digitized by Kelly [1979]. The ice edges
were based on a mixture of observations, extrapolation, and climatology. Walsh and Chapman inferred
concentrations within the marginal ice zone using an average relationship between concentration and dis-
tance from the ice edge, based on passive microwave data. These values only vary seasonally, not regionally,
and all values within the central pack have been set to 100%. September to March Walsh and Chapman data
are mainly based on climatology, although the anomalies from the summer months were used to give some
temporal variability [Walsh, 1978; Walsh and Johnson, 1978; Chapman and Walsh, 1991; Walsh and
Chapman, 2001].

Data from 1953 to 1971 contain a number of sources. Walsh and Chapman did not attempt to adjust these
sources for relative biases between them; therefore, the record is heterogeneous in time and space. The Walsh
and Chapman data set also contains NIC sea ice charts (section 2.2.1) and passive microwave data (section 2.1),
but we do not make use of the data set after 1972 (when the Arctic NIC sea ice charts began).

2.4. Antarctic Atlas Climatologies

Very few sea ice data are readily available for the Antarctic prior to 1973, when the Antarctic NIC sea ice charts
began to be produced (section 2.2.1). Wemake use of two sets of seasonal ice edge climatologies, which were
based on ice charts found in atlases and cover two different periods. The first of these climatologies is from a
German ice atlas [Deutsches Hydrographisches Institute, 1950] and covers the period 1929 to 1939.
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The second climatology is from a Russian Antarctic atlas [Tolstikov, 1966] and covers the period 1947 to 1962.
Both of these ice edge climatologies were originally digitized onto a 1° longitude by 1° latitude grid for use in
the Global sea Ice and SST data set [Parker et al., 1995; Rayner et al., 1996].

3. Data Set Construction

It was vital that the concentrations from the different data sources were made consistent in time and space
before they were merged together, so that no artificial discontinuities were introduced into the record. Bias
adjustments were required for this, and comparisons during periods of overlaps were made. We began with a
comparison of OSI SAF and NIC chart sea ice extent anomalies in the Northern Hemisphere (NH) (Figure 2).
Monthly mean concentrations for the SSM/I period (1988 to 2007) were calculated from (i) the OSI SAF daily
data using a subset of days corresponding to the days for which the weekly/biweekly NIC Charts were valid
(herein referred to as the “temporally subsampled” OSI SAF data) and (ii) the NIC chart data, for a like for like
comparison. The temporally subsampled OSI SAF data were also converted from a 12.5 km EASE grid to a
25 km EASE grid to match the NIC chart resolution. Extents are calculated from the total area of ocean grid
boxes containing at least 15% ice and are often used for monitoring hemispheric or regional sea ice trends.
They were calculated using only the grid boxes that were not designated as land in either source, to remove
any differences resulting from different land/sea masking. Anomalies were calculated relative to the 1995 to
2007 NIC chart monthly climatologies.

Figure 2 (top) shows that the NIC chart extents (black) are generally larger than the temporally subsampled
OSI SAF extents (red). It can also be seen that a discontinuity occurs in the NIC chart extents in 1995 compared
to the OSI SAF extents, which is particularly noticeable in the difference series (Figure 2, bottom). This coin-
cides with the advent of high-resolution satellite imagery, such as SAR, and the change from hand-drawn to
digital charts (section 2.2). The NIC chart record appears stable relative to OSI SAF after this time; therefore,
we chose to use the NIC chart data from 1995 onward as the representation of the “true state” against which
to adjust the relative biases in the other data sources used. It was necessary to adjust the data relative to one
data source to achieve an internally consistent record. Even with its drawbacks, NIC chart data (section 2.2.1)
was our only option, given the known problems of passive microwave data (section 2.1) and the cost and
complexity of SAR imagery interpretation (section 2.2). Information from the latter is included within the ice
charts, albeit with use of other sources when SAR imagery was not available. The decision to use any one
particular source as a reference affects the average concentrations and extents throughout the record. If we
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Figure 2. (a) Time series of Northern Hemisphere sea ice extent anomalies (relative to the NIC chart monthly climatologies
for 1995–2007), 1988–2007, for the NIC chart data (black), subsampled OSI SAF data (red), and the adjusted subsampled
OSI SAF (blue). (b) Subsampled OSI SAF minus NIC chart difference series. Red vertical line indicates where a discontinuity
is seen at the start of 1995.
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were to choose another reference, it would cause our data set to consistently provide larger or smaller
concentrations (and extents/area), depending on the choice.

Unfortunately, there are no Southern Hemisphere (SH) NIC chart data available for the period 1995 to 2002
(section 2.2.1), so we only use the years 2003 to 2007 as our reference here.

Arctic and Antarctic bias adjustments were derived independently. In general, we cascade our adjustments for
relative biases between sources backward in time using overlap periods. First we applied bias adjustments to
the most recent data (OSI SAF, as given by the red line in Figure 1) relative to our chosen reference (NIC chart
data for 1995 to 2007 for the NH and 2003 to 2007 for the SH, as given by the purple lines in Figure 1). The
method used for the bias adjustments is described in section 3.1, using OSI SAF NH data as an example. We then
adjusted the NIC chart data prior to November 1978 (solid blue lines in Figure 1). This required both temporal
sampling adjustments (using the daily unadjusted OSI SAF data) to account for the weekly subsampling of the
charts as well as bias adjustments, using the 1979 to 1994 overlap between the NIC chart monthly means
(dashed blue lines in Figure 1) and the bias-adjusted OSI SAFmonthly means. Full details of the OSI SAF and NIC
chart temporal and bias adjustments are given in section 3.2. We then focussed on the earlier data. A method to
estimate concentrations given an ice edge was necessary for the historical fields prior to the early 1970s and is
outlined in section 3.3. Section 3.4 describes the processing of the Walsh and Chapman data for the Northern
Hemisphere prior to 1972 (green line in Figure 1), and section 3.5 describes the processing of the Atlas clima-
tologies for the Antarctic prior to 1973 (orange lines in Figure 1). Finally, the completion of the global record is
described in section 3.6, where the multiple data sources were combined into a 1° longitude by 1° latitude grid.

3.1. Bias and Temporal Sampling Adjustment Method

This section describes the method used to adjust for biases in the input data relative to our chosen represen-
tation of the “true state”. This method was also used to adjust for the effect of incomplete temporal sampling in
the NIC charts (when using weekly/biweekly data rather than daily data to calculate monthly means). We il-
lustrate the method using the example of the OSI SAF NH bias adjustments, which were calculated relative to
the post 1995 NIC chart data for each calendar month. Figure 3 shows a scatterplot comparing temporally
subsampled OSI SAF monthly means to the NIC chart monthly means for each grid box for January and July.
Clustering can be seen around the nearest 5% in the NIC chart values as the original concentrations were given
to the nearest 5 or 10%. Other values can also be seen as we have used monthly means. The majority of points
lie above the 1:1 line, indicating that the NIC chart monthly mean concentrations are generally higher than
those of the OSI SAF in both winter and summer months. The OSI SAF values were binned using 1% bins
centered on whole values from 1% to 100%. A bootstrap method was then used to randomly sample the cor-
responding NIC chart values within each bin 100,000 times (regardless of the size of the original population,
which could be larger or smaller than 100,000). Medians were then calculated from the population of 100,000
NIC chart values for each bin. These provided a bias-adjusted value for each calendar month applicable to each
original OSI SAF monthly mean concentration. Where necessary, the bias-adjusted values were linearly inter-
polated between the central values of each bin, as given by the red lines in Figure 3.

Our initial concern about this method when applied to the OSI SAF data was that the very high values were
dictated by the discrete nature of the NIC chart data. This caused all the high concentrations to be arbitrarily
set to 100%. It is unlikely that the actual concentrations are quite this high within much of the central pack, as
leads (cracks within the ice) often form as the ice moves about. We therefore linearly interpolated between
the point at which the adjustment values reach 95% and the point at which both the original concentration
and the adjustment value is 100%, as given by the green line in Figure 3. This retains the original spatial
variability of the passive microwave data while being consistent with the uncertainty in the NIC chart data
(many NIC concentrations within the central pack were originally set to 9–10/10th; see section 2.2.1). This step
was only employed during the OSI SAF NH and SH bias adjustments, as it was not deemed necessary for the
NIC chart temporal sampling and bias adjustments (section 3.2).

We adjust the temporally subsampled OSI SAF data to check the effect of the adjustments on the concen-
trations and extents. It can be seen from Figure 2 that the extents calculated from the bias-adjusted
subsampled OSI SAF concentrations (blue) agree much better with the extents from the post-1995 NIC chart
data than do the unadjusted data. Figure 4 shows the mean fields for July. It should be remembered when
comparing mean fields such as these (and others within this study) that they represent the mean conditions
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whose distribution of concentrations differs from the distribution in individual fields. Often, much larger areas
of the low to middle concentrations can be seen in the mean fields, compared to those seen in individual
fields, due to the interannual variability of the monthly fields. Concentration differences between individual
fields from different data sources are usually much larger than those seen in mean fields too, and vary greatly
from month to month. The mean fields do, however, give an overall picture of the concentrations and the
differences. Figure 4 shows that the mean bias-adjusted concentrations agree much better with the NIC
charts than the mean unadjusted data. The concentrations within the central pack are seen to be a little
lower, but this is to be expected due to the way we adjust concentrations over 95%.

3.2. OSI SAF and NIC Processing

Monthly means were calculated using all available NH and SH OSI SAF data (i.e., using all available days within
eachmonth) on a 12.5 km EASE grid to give “fully sampled”monthly concentrations. All values of concentrations,
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Figure 3. Scatterplots for (a) January and (b) July showing the monthly mean sea ice concentrations in the Northern
Hemisphere NIC charts plotted against the OSI SAF retrievals for all corresponding grid boxes. The 1:1 line is given by
the black diagonal line. Median values calculated from a bootstrap approach provided a set of adjusted OSI SAF values
(red line). Adjusted values above 95% were linearly interpolated between 95 and 100% (green line).
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however small, were retained for each data source until the final stages of the data set construction (section 3.6).
The NH adjustments calculated in section 3.1 were then applied to the set of fully sampled NH monthly means.
SH adjustments were also separately calculated using the same method, using OSI SAF monthly means calcu-
lated from temporally subsampled daily data (based on the NIC chart dates) on a 25 km grid for 2003 to 2007 (as
no data for 1995 to 2002 were available), and NIC chart monthly means for the same period. These were then
applied to the fully sampled SH OSI SAF monthly means on a 12.5 km grid as for the NH.

Figure 5 compares themean OSI SAF fields for January and July in the Arctic before and after the adjustments.
It can be seen that the largest adjustments are applied to the medium values of concentrations toward the
edge of the ice. Overall the adjustments have a much larger effect during the summer months. This is due to
both the larger bias adjustments that were calculated for most given values of concentration (Figure 3) as
well as the extensive regions of high concentrations within the central pack that were underestimated in the
summer. This is a well-known problem with passive microwave retrievals and is due to melt ponds that form
on top of the ice during the melting season [Inoue et al., 2008; Andersen et al., 2007]. The winter OSI SAF fields
consist mainly of very high concentrations (above 95%) within the central pack, and these values only require
relatively small bias adjustments. In the Antarctic (Figure 6) the bias adjustments are also seen to increase the
OSI SAF values throughout the year, particularly during November (not shown) and December, due to the
underestimation of the passive microwave concentrations compared to the NIC ice charts. This is possibly
due to the presence of thin ice or surface conditions (such as snow), which are also known to cause under-
estimates in passive microwave retrievals [Shokr and Kaleschke, 2012].

a) NIC charts b) Unadjusted OSI SAF c) Adjusted OSI SAF

1 10 20 30 40 50 60 70 75 80 84 88 92 96 98

d) OSI SAF minus NIC charts
e) Adjusted OSI SAF minus

NIC charts
f) Unadjusted OSI SAF minus

adjusted OSI SAF

-30 -25 -20 -15 -10 -1 1 10 15 20 25 30
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Figure 4. (top row) Mean sea ice concentration fields for July, 1995–2007 for (a) the NIC chart data; (b) the unadjusted
subsampled OSI SAF data; and (c) the adjusted subsampled OSI SAF data. (bottom row) Differences in the mean fields for
(d) the unadjusted subsampled OSI SAF minus NIC chart data; (e) the adjusted subsampled OSI SAFminus NIC chart data; and
(f) the unadjusted minus adjusted subsampled OSI SAF data.
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Next we focussed on the NIC chart data prior to the start of the OSI SAF passive microwave record (1972 to
October 1978 for the NH and 1973 to October 1978 for the SH). To make the NIC data consistent with the fully
sampled bias-adjusted OSI SAF data, we first calculated temporal sampling adjustments to quantify the effect
of the weekly resolution of the charts on the monthly means calculated from them. This was done by com-
paring OSI SAF monthly means calculated from weekly resolution data to fully sampled OSI SAF monthly
means (calculated from all available daily resolution data). We used the unadjusted OSI SAF data throughout
the daily SSM/I period of the passive microwave record (July 1987 to 2007) to do this, as we have only bias
adjusted the monthly means and not the daily fields. As the weekly NIC chart dates for each month have
varied from year to year, it was necessary to calculate a different set of temporal adjustments for each month
within the 1972/1973 to October 1978 period (for each hemisphere). The weekly chart dates for each month
were used to calculate temporally subsampled monthly means from the daily unadjusted OSI SAF data for
the same calendar month throughout the period. For example, in 1972 NH charts were available for 3, 10, 17,
24, and 31 January. We calculated January temporally subsampled OSI SAF monthly means using the same
dates within each January between 1988 and 2007. We then calculated a set of adjustments for January 1972,
using the January temporally subsampled OSI SAF monthly means and the method described in section 3.1,
with the corresponding fully sampled unadjusted OSI SAF means for January as the reference data set. The
temporal adjusted values above 95% were not reset linearly between 95% and 100%, as was done for the OSI
SAF bias-adjusted values. Each set of temporal adjustments was applied to the NIC chart monthly mean field
for the corresponding month and hemisphere.

a) Unadjusted OSI SAF b) Adjusted OSI SAF
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Difference (%)

Figure 5. Northern Hemisphere mean sea ice concentration fields and differences, 1979–2007, for (top row) January and
(bottom row) July. Mean concentrations are given for (a and d) the unadjusted OSI SAF data and (b and e) the adjusted
OSI SAF data. (c and f) Differences in the mean fields.
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Following the NIC chart temporal sampling adjustments, bias adjustments were also required relative to the
fully sampled bias-adjusted OSI SAF data. We used the overlap period of 1979 to 1994 to do this for both
hemispheres. This assumes that the NIC chart data prior to November 1978 is broadly consistent with the NIC
chart data for 1979 to 1994. As the early NIC chart data in the SH were on a 0.25° grid, we converted the fully
sampled bias-adjusted OSI SAF data from a 12.5 km EASE grid to a 0.25° grid before the bias adjustments were
calculated. In the NH the fully sampled bias-adjusted OSI SAF data were simply reduced from 12.5 km to
25 km EASE grid resolution. The method described in section 3.1 was used to calculate bias adjustments for
the temporally adjusted NIC data relative to the fully sampled bias-adjusted OSI SAF data. Again, NIC chart
bias-adjusted values above 95% were not reset linearly between 95% and 100%, as was done for the OSI SAF
bias adjustments. Due to the nature of the NIC chart data (original concentrations were given to the nearest 5
or 10%), a bin size of 5% was used. We use bias-adjusted NIC chart data for each hemisphere prior to
November 1978, when the OSI SAF record begins.

3.3. Method to Estimate Concentrations Based on the Ice Edge

A method to estimate the concentrations within the pack from the ice edge was needed so that we could
make use of data where only ice extent was available. This was done using the bias-adjusted OSI SAF data to
calculate a set of estimated concentration values along each 1° longitude band for each hemisphere, based
on the distance to the ice edge (open water). In this section we describe the method used (which we apply to
the Walsh and Chapman data in section 3.4 and the Atlas climatologies in section 3.5). We also discuss how
the estimated values were applied to the original bias-adjusted OSI SAF ice edges to check the estimated
concentration fields against the original concentration fields.
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Figure 6. As Figure 5 but for (a–c) June and (d–f) December in the Southern Hemisphere.
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The final globally complete fields on a 1° latitude by 1° longitude grid (section 3.6, but excluding data in the
Great Lakes and Caspian Sea) for 1979 to 2007, based on the bias-adjusted OSI SAF data, were used to esti-
mate the relationship between concentration and distance to the ice edge. For each grid box in the adjusted
OSI SAF data that contained an ice concentration we calculated the distance to the center of the nearest grid
box that contained open water (0% concentration) to give the distance from the ice edge. For each 1° lon-
gitude band we selected all the points from 10° longitude either side (giving a 21° longitude band) to pro-
duce a scatterplot of concentrations against the distance from the ice edge. We used a very similar method to
the bias adjustment method described in section 3.1 to produce a set of estimated concentration values
based on the distance to the ice edge. Distances were binned using a bin size equal to the distance of 0.5°
latitude (approximately 55.6 km), centered onmultiples of the same value, up until the tenth bin (centered on
approximately 556.0 km). For distances greater than this, a bin size equal to the distance of 1° latitude was
used until the seventeenth bin (centered on approximately 1334.4 km). All longer distances were binned into
a “high” bin to yield one concentration that represents the very center of the pack. A median concentration
for each bin was calculated if at least 20 values were available in the bin.

As before, we used a bootstrap method to calculate medians from a population of 100,000 that were ran-
domly sampled from the corresponding adjusted passive microwave concentrations within each bin. These
provided a set of estimated concentrations for a given longitude that could be applied to a grid box
according to its distance from the ice edge. The estimated concentrations were linearly interpolated between
the center of each bin (including between values where missing bins were found), as given by the red curve
in Figure 7. For distances that were smaller than the first bin (or if this was missing then the next lowest bin
where a value had been calculated), the interpolation was calculated between 15% (which was assumed to
be the very edge of the ice) and the concentration given by the first (or lowest) bin. The exception to this was
when the bins closest to the water were missing and the lowest bin available contained a concentration of
90% or greater. This occurred at longitudes where any ice was consistently at a long distance from open
water during the passive microwave period (e.g., north of Siberia in autumn to spring). To allow for any re-
gions in the historical charts that may have had less extensive ice cover than in the passive microwave period
(i.e., where open water is found close to these regions) an average marginal ice zone for each month was
calculated using the average distance of the 90% ice concentration contour from the edge of the ice. If the
grid box lay within this average marginal ice zone distance, then we linearly interpolated between 15%
(again, assumed to be the edge of the ice) and the concentration found in the lowest bin containing data
(which is assumed to be the concentration at the point equal to the average marginal ice zone distance). The
estimated concentration from the high bin was used for distances that were larger than the central value of
the 17th bin. If a high concentration value was not calculated due to lack of data, then the highest bin
containing an estimated concentration was used for all distances larger than the central value of the bin.

It was necessary to use a larger bin size for the furthest distances as there were often fewer data points
available within each bin. There was also very little difference between the values calculated from each bin as
they usually contained the very high concentrations within the central pack. Conversely, a smaller bin size
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Figure 7. Scatterplots showing the Southern Hemispheremonthly mean grid box concentrations for a given 21° longitude section against the closest distance to the ice
edge. (b) The scatterplot for December concentrations centered on 40.5°W is compared to (a) the scatterplot for the same location but for June and (c) the scatterplot for
the same month but centered on 10.5°W.
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was required for the distances nearest to the ice edge to accurately represent the sharp gradient of concen-
trations within the marginal ice zone.

Figure 7 compares the scatterplot for December in the SH, for the 21° longitude band centered on 40.5°W
(center), with the scatterplot for the same location but for June (left), and the scatterplot for the same month
but centered on 10.5°W (right). It can be seen that themarginal ice zone is much narrower in the winter (June)
with concentrations that increase poleward at a much higher rate. The results vary greatly with longitude; for
example, it can be seen in Figure 7 that the concentrations increase at a lower rate further east (at 10.5°W) in
December and the concentrations far poleward of the ice edge are much lower.

The method was checked by applying the technique to passive microwave extents and comparing the esti-
mated concentrations to the original concentrations. Figure 8 compares the mean concentration fields for the
Antarctic in 1979 to 2007 for the original adjusted OSI SAF data and the estimated fields (constructed from the
adjusted OSI SAF ice edges). The mean fields are broadly consistent, although the differences are larger for
individual fields due to the limited spatial variability we can estimate when only an ice edge is provided.

3.4. Walsh and Chapman Processing

As the Walsh and Chapman data set contains end of month sea ice concentrations, it was necessary to apply
temporal adjustments to convert to values that represent the monthly means. We used the OSI SAF record,
on the 1° longitude by 1° latitude Walsh and Chapman grid, to calculate 15 year climatologies based on both
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Figure 8. Southern Hemisphere mean concentration fields and differences, 1979–2007, for (top row) June and (bottom row)
December. Mean values are given for (a and d) the original OSI SAF data and (b and e) concentrations estimated from the
OSI SAF ice edge positions. (c and f) Differences in the mean fields.
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the end of month values (taken from the last day of each month) and the monthly means from 1979 to 1993.
End of month anomalies were calculated by subtracting the end of month climatology from the Walsh and
Chapman data set from January 1901 to December 1971. For each month these grid box anomaly values
were interpolated between the end of the previous month and the end of the month in question to produce
midmonth anomalies, except for January 1901 which used the end of month anomalies for the same month.
This set of anomalies was then added to the monthly mean climatology to give concentrations equivalent to
the monthly means.

Due to the heterogeneous nature of the concentrations contained within the Walsh and Chapman data set, it
was decided to only use the extents based on the temporally adjusted Walsh and Chapman data. Ideally, an
attempt would have been made to retain observations of concentrations where they exist within the com-
pilation, but the exact locations and times of these as well as the original source were unknown. Many of the
Walsh and Chapman fields were originally based on extents, and concentrations were estimated by them
using a simple method (section 2.3) yielding a few discrete values with little spatial variability and 100%
throughout the central pack. Reestimating the concentrations using our more complex method that varies
longitudinally as well as monthly (section 3.3) makes the distribution of concentrations within the fields
consistent with the later part of the record and introduces higher spatial variability. This does assume that the
Walsh and Chapman ice edge is representative of the 15% ice contour and that the extents do not require
bias adjustment. It also assumes that the distribution of concentrations within the ice edge for the period
1901 to 1971 was broadly similar to that for the 1979 to 2007 period in the Arctic.

The Gulf of Saint Lawrence, Sea of Japan/East Sea, and Sea of Okhotsk were replaced with the 25 year
monthly mean adjusted OSI SAF climatology there due to lack of data and irregular features in the extents. As
for HadISST1, the Walsh and Chapman fields for 1940 to 1952 were reset to the calendar monthly climatol-
ogies calculated from the full (1940–1952) period. This originally seemed to consist of two very different
unrealistic climatologies (not shown here; see Rayner et al. [2003, Figure 1g]). It was noted that a small area
northeast of Greenland contained open water even though it was surrounded by ice throughout the record,
so this was reset as ice. A monthly mean climatology was calculated from the fields from 1901 to 1930 and
used for all years prior to this, beginning in 1850.

The distance from the ice edge was calculated for all grid boxes containing ice within the adjusted Walsh and
Chapman data. Concentrations for these grid boxes were then estimated as described in section 3.3. Figure 9
compares some examples of the temporally adjusted Walsh and Chapman fields before and after the con-
centrations were reestimated. It can be seen that the newly estimated fields contain higher spatial variability
and a shorter marginal ice zone (consistent with the adjusted OSI SAF data). There is a noticeable area of con-
centrations of around 90% in the original Walsh and Chapman field for July 1968 (Figure 9, bottom left).
Although it could be argued that this may be a real feature based on ice charts/reports, the feature disappears in
the fields in the following month (August 1968, not shown). During the melt season we would expect a feature
such as this to persist. The disappearancemay be due to biased observations in July (possibly due to a change in
original data source) or lack of observations in August (due to the changing and unknown observational cov-
erage throughout the series). However, by reestimating the concentrations, we have removed discontinuous
features such as this (albeit perhaps at the expense of losing variability within the pack that is based on ob-
servations). This is important when trying to create a data set that is often used for providing a lower boundary
forcing to atmospheric models, where sudden changes in sea ice concentration are undesirable.

3.5. Antarctic Atlas Processing

It was assumed that the Antarctic Atlas ice edge climatologies (section 2.4) represented the 15% sea ice
concentration contour and that the distribution of concentrations within the ice edge prior to 1973 was
broadly similar to that in the 1979 to 2007 period in the Antarctic. Concentrations were estimated for both
climatologies using the method described in section 3.3. The concentration fields derived from the German
Atlas climatology were used between 1929 and 1939 as well as for all years prior to this. The concentration
fields derived from the Russian climatology were used from 1947 to 1962. Extents for the missing years
between the two climatologies (1940–1946) and between the Russian climatology and the start of the NIC
chart record (1963–1972) were calculated using simple linear interpolation in each grid box between the
concentrations from the fields either side of the missing period. A 25 year climatology based on the adjusted
NIC chart and OSI SAF data for 1972 to 1996 was calculated and used in the linear interpolation of the later
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missing period. Concentrations for the missing periods were estimated from the linearly interpolated extents
using the method described in section 3.3.

3.6. Completion of the Global Fields

The final stage of the data set construction was to combine all fields into a global data set. The adjusted OSI
SAF NH and SH fields were reduced to a 25 km grid and then converted to a regular 0.25° grid along with the
adjusted NIC chart fields for the NH. These were combined with the adjusted NIC chart data for the SH to
create a complete global series of concentration fields for 1972 to 2007 (albeit with missing data in the
Antarctic for 1972 due to the lack of NIC chart data then). All concentrations were converted from percent-
ages to fractions (by dividing by 100) for consistency with HadISST1. Concentrations above 0.00 and less than
0.15 were reset to open water (0.00). A 0.25° land/sea mask was created so that a consistent mask could be
applied throughout the data set and then applied to the global fields to remove any ice or open-water values
around the coasts that were not required, and to highlight any ocean grid boxes that were missing data
(excluding the Great Lakes and Caspian Sea which were set as missing at this stage). These were filled in using
the mean of the nearest neighboring grid boxes.

The fields were then reduced to a regular 1° grid and combined with the infilled Walsh and Chapman
concentration fields, as well as the Antarctic concentration fields prior to 1973 that were based on the Atlas
climatologies (these were also converted from percentages to fractions). HadISST1 concentrations for the
Great Lakes and Caspian Sea were used to fill in these regions, as they were either missing or deemed
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Figure 9. Northern Hemisphere concentration fields and differences for (top row) July 1901 and (bottom row) July 1968. (a and d) Walsh and Chapman data. (b and e)
Concentrations estimated from the Walsh and Chapman ice edge positions. (c and f) Differences in the fields.
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unreliable (a visual comparison of passive microwave OSI SAF concentrations with sea ice charts for the Great
Lakes showed very large differences such as the presence of ice in the OSI SAF data set in ice-free months as
indicated by the ice charts).

The 0.25° land/sea mask was reduced to 1° and applied to the global 1° fields to again remove any ice or
open-water values around the coasts that were classed as land and to fill in any remaining missing sea grid
boxes using the mean of the nearest neighboring grid boxes. It was noted that some spurious ice concen-
tration remained in the NH far south of the ice pack, which originated from the Walsh and Chapman data. An
“open water” mask was therefore manually created (based on all data sources used in the construction of
HadISST.2.1.0.0) to reset these values to 0. Finally, any remaining concentrations below 0.15 were also reset to
0. This gave our set of global concentration fields from 1850 to 2007 for HadISST.2.1.0.0.

4. Results
4.1. Northern Hemisphere
4.1.1. Comparison With HadISST1.1 and NASA Team Passive Microwave Retrievals
We begin our comparison of HadISST.2.1.0.0 to other data in the Northern Hemisphere. Figure 10 shows a
time series of extents and area for both HadISST.2.1.0.0 and HadISST1.1 data sets since 1890, alongside those
for monthly means derived from NSIDC’s passive microwave data set [Cavalieri et al., 1996] (http://nsidc.org/
data/nsidc-0051.htm), which is based on the NASA Team algorithm (hereafter referred to as NASA Team). The
NASA Team monthly values were converted from a 25 km polar stereographic grid to a regular 1° latitude by
1° longitude grid. We used the strict criterion that all three data sets must contain a value (sea ice concen-
tration or open water) at any given grid box for it to be included in the calculation of extent or area. The only
exception to this was for the hole at the NH pole in the calculation of the NASA Team extents. Due to the
orbits of their polar orbiting satellites, passive microwave instruments are unable to view small regions
around the pole. This results in a hole of missing data in all passivemicrowave sea ice products in the Arctic. In
the OSI SAF product (and therefore in HadISST.2.1.0.0), concentrations here were estimated based on
neighboring grid boxes. This was also done in the construction of HadISST1.1, whereas the polar hole remains
missing in the NASA Team product. It was assumed that the polar hole contained ice in the calculation of the
NASA Team extents. In the calculation of the area we set all three data sets as missing in the polar hole rather
than estimate the concentrations in the NASA Team data ourselves. Extents are always larger than area as
they contain the areas of water as well as ice within the 15% concentration contour; however, there will be a
larger difference between the two measures here due to the way we treated the hole at the pole during our
calculations. It should be noted that HadISST1.1 contains monthly medians rather than means like
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Figure 10. Time series of Northern Hemisphere sea ice extent (solid) and area (dotted), 1890–2007, for HadISST.2.1.0.0
(black), HadISST1.1 (red) and NASA Team (blue). Monthly mean values are shown for (a) January and (b) July.
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HadISST.2.1.0.0 and NASA Team, which would be expected to result in a small relative offset in any calcula-
tions of area or extent.

It can be seen from Figure 10a that prior to 1953 the January time series of extent and area for both
HadISST.2.1.0.0 and HadISST1.1 have very little variability, as the data for September to March then are pri-
marily based on climatology (section 3.4). More variability can be seen from 1953 onward. HadISST.2.1.0.0
contains consistently larger extents and area than HadISST1.1 throughout the time series. The difference
appears to be relatively consistent in time, which masks the two main underlying reasons for these differ-
ences. Figure 11 compares the mean fields for January from the two versions of HadISST and for two different
periods: 1901 to 1978 and 1979 to 2007. For the earlier period it can be seen that HadISST.2.1.0.0 contains a
lot more ice around the Sea of Okhotsk and the Gulf of Saint Lawrence compared to HadISST1.1. The Sea of
Okhotsk was replaced with climatology in HadISST.2.1.0.0 (sections 3.2 and 3.4), whereas Walsh and Chapman
data were used in HadISST1.1. Both versions used climatology in the Gulf of Saint Lawrence (except between
1972 and 1978 in HadISST.2.1.0.0, which is based on the NIC sea ice charts, section 3.2). In the later period,
however, it can be seen that HadISST.2.1.0.0 is consistently a little more extensive around the perimeter of the
ice edge than in HadISST1.1. It can also be seen for both periods that the concentrations within the pack are
generally larger in HadISST.2.1.0.0, and there is a smaller marginal ice zone (i.e., the concentrations have a
sharper gradient near the ice edge). This is reflected in the time series of area in Figure 10, which shows a
larger difference between the two data sets than for the extents.
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Figure 11. Northern Hemisphere mean sea ice concentration fields and differences in January for (top row) 1901–1978 and
(bottom row) 1979–2007. Mean concentrations are given for (a and d) HadISST.2.1.0.0 and (b and e) HadISST1.1. (c and f)
Differences in the mean fields.
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Figure 10b shows that there is more variability in the time series of area and extents for both versions
of HadISST in July between 1901 and 1938, compared to January. The period 1940 to 1952 is based on
climatology (section 3.4). It should be noted that the years 1850 to 1889 have been excluded from Figure 10
as this period contains a monthly climatology that continues until 1900 (section 3.4). The extents for
HadISST.2.1.0.0 are very similar to those for HadISST1.1 until the passive microwave record begins in 1979,
when a large discontinuity in HadISST1.1 can be seen (this can also be seen in the area time series). The
estimation and application of bias adjustments within this study has attempted to remove any discontinuity
from HadISST.2.1.0.0 at this time, which occurs at a change in data source from NIC charts to OSI SAF passive
microwave concentrations. A discontinuity can also be seen in HadISST1.1 in July at the start of 1997
(and also to a lesser extent in the time series for January, Figure 10a) when there was a change in passive
microwave product used (section 1). A large difference can be seen between HadISST.2.1.0.0 and HadISST1.1
in the time series of area, even during the early period when the extents are similar. This is because the
concentrations in HadISST.2.1.0.0 are larger, and in general it has a sharper gradient within the marginal ice
zone (Figure 12). The concentration differences are larger in the summer than in the winter, particularly for
the high concentrations within the central pack (cf. Figure 11); therefore, they have a larger effect on the
summer time series of area. The larger concentrations within HadISST.2.1.0.0 are due to our choice of
reference data set (the post-1994 NIC sea ice charts), relative to which all adjustments and concentration
estimations are made.

The time series of the NASA Team sea ice extent and area are given by the blue curves in Figure 10. The
extents are lower than in HadISST.2.1.0.0, particularly for July. It should be noted that for the years 1979 to
1996, HadISST1.1 was based on a NASA Team product that was processed at NASA Goddard Space Flight
Center, similar to the NSIDC NASA Team product used here. The relatively small differences during this
period between these two products are therefore likely due to HadISST1.1 containing monthly medians
rather than means. It can be seen that the HadISST.2.1.0.0 extents and areas are larger than those for the
NASA Team data. Again, this is due to our choice of reference data set and our attempt to adjust any biases
in the passive microwave data due to effects such as thin ice. The relative differences are particularly
noticeable in the time series of area for July (dotted curves in Figure 10b), due to melt pond effects in the
passive microwave retrievals.

4.1.2. Comparison With DMI Ice Charts
During the years 1901 to 1956 (with a gap during the World War II years, from 1939 to 1945), DMI published
an annual report entitled “The State of the Ice in the Arctic Seas”. These reports contained monthly charts
between April and August (and very occasionally September) that consisted of observations (in red), an es-
timated ice limit (white), and sometimes a climatology (dashed line), see Figure 13. Information was obtained
from Canada, Germany, Great Britain, Norway, Sweden, the U.S., and Russia. The observations came from
naval and merchant shipping, shore observers, and in later years from aircraft reconnaissance. The estimated
ice edges were based on a mixture of the observations, extrapolation, and climatology. The observational
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Figure 12. As in Figure 11 but for July 1979–2007 only.
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coverage was reasonable around Greenland, Iceland, and Spitsbergen. Elsewhere, particularly in the Western
Arctic, the observational coverage was poor.

The DMI ice charts were first digitized by Kelly [1979] and used in the Walsh and Chapman Arctic compilation
(section 2.3). However, they have now been scanned by the Icelandic Meteorological Office and have been
made available by NSIDC [Danish Meteorological Institute and National Snow and Ice Data Center, 2012]
(http://nsidc.org/data/g02203.html). They can provide a useful comparison to HadISST.2.1.0.0 since Walsh
and Chapman presented only end of month information and we have attempted to create a monthly analysis
here. As only visual comparisons can be made, we are unable to do a thorough assessment through the whole
time series. Figure 13 compares some examples of the DMI ice charts (Figures 13a–13d) with the corresponding
HadISST.2.1.0.0 concentration fields (Figures 13e–13h). It can be seen that there are regions where the ice edges
agree as well as regions where they disagree. In April 1902 (Figures 13a and 13e) there is very good agreement
around the Barents Sea, Greenland Sea, the southern tip of Greenland, and the Bering Sea. There is perhaps a
little too much ice around Baffin Bay and the Davis Strait in HadISST.2.1.0.0 compared to the ice chart. In April
1911 (Figures 13b and 13f) there is good agreement again, except on the southern tip of Greenland which is
missing ice in HadISST.2.1.0.0 compared to the ice chart, and the Davis Strait and the Smith Sound/Nares Strait
(in the northern part of Baffin Bay), which contain too much ice. August 1906 (Figures 13c and 13g) shows a
fairly extensive year, whereas August 1938 (Figures 13d and 13h) has a lot less ice. In both years HadISST.2.1.0.0
has a small amount of ice around the Bering Strait and the Gulf of Ob (which flows into the Kara Sea), whereas
the ice charts are ice-free in these regions. Compared to the ice charts, 1906 also shows a bit too much ice in
HadISST.2.1.0.0 in the west of the Chukchi Sea, along the coast, but otherwise shows fairly good agreement.
However, in 1938 HadISST.2.1.0.0 contains a lot more ice than the ice charts along the coast of Siberia, partic-
ularly in the Laptev Sea and the East Siberian Sea. HadISST.2.1.0.0 therefore does not capture the full severity of
the low ice extent that is seen in the ice chart for 1938. These differences between HadISST.2.1.0.0 and the

April 1902 April 1911 August 1906 August 1938

15 20 30 40 50 60 70 75 80 85 90 92 94 96 98
Sea ice concentration (%)

Figure 13. Northern Hemisphere sea ice concentration. (top row) Danish ice charts. (bottom row) HadISST.2.1.0.0. (a and e) April 1902, (b and f) April 1911, (c and g)
August 1906, and (d and h) August 1938. On the Danish charts sea ice observations are given in red (with the exception of the red triangles which denote icebergs),
the estimated extent of ice is given by the region of white, and the open water is shaded in blue.
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Danish ice charts may be due either to mistakes made in digitization or in the temporal bias adjustments ap-
plied (either by Walsh and Chapman or within the development of HadISST.2.1.0.0). Comparisons with the
original Walsh and Chapman data for thesemonths (not shown) show that most of these differences are due to
the temporal adjustments applied. In these examples there often appears to be very little adjustment (if any)
to the Walsh and Chapman data, which results in too much ice in HadISST.2.1.0.0 following the adjustments
from end ofmonth values tomonthlymean values. The casewhere there is less ice in HadISST.2.1.0.0 than in the
ice charts (April 1911 at the Southern tip of Greenland) is likely to be due to errors in the Walsh and Chapman
data (either during the processing/adjustments or from the digitization).

4.2. Southern Hemisphere
4.2.1. Comparison With HadISST1.1 and NASA Team Passive Microwave Retrievals
In this section we compare HadISST.2.1.0.0 with HadISST1.1 and the NASA Team data as in section 4.1.1. As the
South Pole is over land, there are no missing concentrations in the NASA Team data due to a hole at the pole.
Figure 14 shows the time series of extents and area for June and December. It can clearly be seen that both
HadISST.2.1.0.0 and HadISST1.1 are dominated by climatologies prior to 1973. It should be noted that the years
1850 to 1919 have been excluded from Figure 14 as this period contains the German Atlas climatology (for 1929
to 1939) that continues until 1939 (section 3.5). In June the two time series of extents are very similar after 1972,
as is the case throughout most of the calendar year. In December (and November), however, it can be seen that
the extents are much larger in HadISST.2.1.0.0 than HadISST1.1 from about 1973 due to the bias adjustments
made. As in the NH, the area is larger in HadISST.2.1.0.0 due to the larger concentrations within the ice pack and
a shorter marginal ice zone (see Figure 15 for December). This is particularly noticeable in the period prior to
1973 that is based on the two Atlas climatologies (sections 2.4 and 3.5). Despite there being apparently much
larger extents throughout this period compared to the later period (Figure 14), the area of ice in HadISST1.1 is
relatively small. This is due to the method used to estimate the concentrations within the ice edge in Rayner
et al. [2003]; the concentrations appear to have been underestimated relative to the passive microwave data
used in the development of the method. This resulted in an error in the distribution of concentrations within
HadISST1.1 and an incompatibility between the time series of area and extent.

In the period between the two Atlas climatologies as well as the period between the Russian climatology and
the NIC charts, it can be seen that the HadISST.2.1.0.0 extents and areas sometimes increase before they de-
crease. This feature is particularly noticeable in the period 1940–1946 in June, when there is a large difference
between the two climatologies. This is an effect of the linear interpolation of the grid box concentrations
(section 3.5) and occurs when the ice becomes more extensive in one region and less extensive in another. The
ice growth in the interpolated fields occurs at a faster rate than the ice retreat due to the nonlinear distribution
of the concentrations within the ice pack in each region of change. It is likely that this effect is larger in
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Figure 14. Time series of Southern Hemisphere sea ice extent (solid) and area (dotted), 1920–2007, for HadISST.2.1.0.0
(black), HadISST1.1 (red), and NASA Team (blue). Monthly mean values are shown for (a) June and (b) December.
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HadISST.2.1.0.0 due to the shorter marginal ice zone. It can also be seen in the time series of area in
HadISST.2.1.0.0 as the concentrations have been reestimated based on the extents, unlike in HadISST1.1.

The time series of NASA Team sea ice extent and area can also be seen in Figure 14 (blue curves). The extents
are slightly lower than in both versions of HadISST in June. In December they are much lower than
HadISST.2.1.0.0 and a little lower than HadISST1.1. HadISST1.1 Antarctic concentrations and extents were
adjusted relative to a passive microwave product [Hanna and Bamber, 2001] that was based on the Bristol
algorithm [Smith, 1996]. This resulted in larger values for the extent and area in the Southern Hemisphere for
HadISST1.1. The NASA Team time series of area is relatively low compared to HadISST.2.1.0.0. This is due to
our attempt to adjust any biases in the Antarctic passive microwave retrievals caused by thin ice, wet snow,
etc., and our choice of reference data set.
4.2.2. Comparison With Southern Ocean Ice Reports
Between the years 1928 and 1954 (except for a gap during theWorld War II years in 1939–1945) the journal The
Marine Observer published “Southern Ocean Ice Reports” (hereafter referred to as SOIR, [The Meteorological
Committee, Air Ministry, London, 1928-1954]). These contained observations of ice from ships around the
Antarctic, and although they mainly reported ice bergs, they also contained many references to sea ice (which
usually included the type of ice) covering the years 1926 to 1953. The ice observations have now been digitized,
and we have compared some of the sea ice positions recorded with the Antarctic Atlas climatologies (sections
2.4 and 3.5). The ice reports appear to be independent of the observations that the Atlas climatologies were
based on [Deutsches Hydrographisches Institute, 1950; Tolstikov, 1966].
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Figure 15. Southern Hemisphere mean sea ice concentration fields and differences in December for (top row)
1901–1972 and (bottom row) 1973–2007. Mean concentrations are given for (a and d) HadISST.2.1.0.0 and (b and e)
HadISST1.1. (c and f) Differences in the mean fields.
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The ice reports mainly contain observations in the summer months, although there are some that are found in
the winter months. This is usual for historical sources of sea ice, as conditions are obviously worse in the winter
months making it harder for any expeditions. Figure 16 compares the SOIR observations that overlap with the
German climatology period (Figures 16a–16d) and the Russian climatology period (Figures 16e–16h) for the
months of December, January, February, and June. The SOIR observations sometimes consists of a number of
segments that cover several degrees longitude, which indicates that the ship was likely to have skirted along
the edge of themain ice pack. The observations agree very well with the two climatologies giving us confidence
in the large extents that are seen in HadISST.2.1.0.0 relative to the recent period, which is much better observed
(Figure 14). Some small differences between the climatologies and ice reports can be seen. These are expected
as the ice reports contain some annual variability, which is not captured by the climatologies.

5. Conclusions and Discussion

In this study we have developed the sea ice concentration component of HadISST.2.1.0.0, the Met Office
Hadley Centre monthly sea ice and SST data set, from 1850 to 2007. Primary input data sources include OSI
SAF passive microwave data since November 1978 and NIC sea ice chart data prior to this, beginning in 1972
in the Arctic and in 1973 in the Antarctic. Prior to the NIC sea ice charts the Walsh and Chapman compilation
was used in the Arctic, and Atlas climatologies were used in the Antarctic. NIC chart data for 1995 to 2007 in
the Arctic and 2003 to 2007 in the Antarctic were chosen as our reference data set and assumed to provide
the most accurate analysis of the true conditions. Bias adjustments were derived for the OSI SAF data relative
to the reference and then propagated back in time using periods of data set overlaps where possible. A new
method to estimate concentrations when we only had information about the ice edge was developed using
the adjusted passive microwave data. It was then applied to the Walsh and Chapman data and the Atlas
climatologies. The data were combined to create global monthly mean analyses on a 1° longitude by 1°
latitude grid.

The aim of this work was to create a more consistent global record of sea ice concentrations than HadISST1.1
by using new data sources, applying new bias adjustments, and improving the method used in the estima-
tion of concentrations when only information about the ice edge is known. A comparison of extents and area
has shown that HadISST.2.1.0.0 appears to be more homogenous than HadISST1.1. This is in part due to

a) December 1929-1939 b) January 1929-1939 c) February 1929-1939 d) June 1929-1939

e) December 1947-1962 f) January 1947-1962 g) February 1947-1962 h) June 1947-1962

Figure 16. A comparison of sea ice observations digitized from the Southern Ocean Ice Reports (red) with the HadISST.2.1.0.0 climatologies for (top row) 1929–1939
(grey, based on the German Atlas) and (bottom row) 1947–1962 (blue, based on the Russian Atlas). Comparisons for (a and e) December, (b and f) January, (c and g)
February, and (d and h) June are shown. Note that there were no observations for the years 1939 and 1954–1962 in the Southern Ocean Ice Reports.
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improved bias adjustments in the later part of the record. In the Arctic, adjustments were large in the summer
months as melt ponds on the surface of the ice result in the underestimation of concentrations by passive
microwave retrievals. The new adjustments removed a discontinuity seen at the start of the passive microwave
record in HadISST1.1, in November 1978. Bias adjustments were also large in the Antarctic summer, where
concentrations are also underestimated by the passive microwave retrievals (possibly due to the presence of
snow or slush). There is also no longer a discontinuity in 1996/1997 (as was the case in HadISST1.1), as a con-
sistent passive microwave product has been used throughout.

Improved homogeneity is also due to a new and improved method that has been developed to estimate
concentrations where only the ice edge is known (as in the Antarctic prior to 1973) or when the fields of Arctic
concentration were heterogeneous in time and space prior to 1972 (here concentrations have been
reestimated as we prioritized the homogeneity within the data set). In the Antarctic this removed a negative
bias seen in the time series of HadISST1.1 area, and in the Arctic this removed discontinuities from the Walsh
and Chapman concentration fields in time and space. In both cases this has made the distribution of early
concentrations consistent with the later part of the record, based on the bias-adjusted passive
microwave retrievals.

Overall, HadISST.2.1.0.0 contains more ice than HadISST1.1 as a result of the reference data chosen (NIC charts
for the period 1995 to 2007 in the Arctic and 2003 to 2007 in the Antarctic). This is partly due to larger extents
in some calendar months and within some periods but is also the result of an increase in the concentrations
within the ice pack and a narrower marginal ice zone.

There is plenty of scope for further improvements to HadISST.2.1.0.0. We envisage releasing further versions
as improvements are made. Currently, we have made no improvements to the Great Lakes and Caspian Sea,
and the HadISST.2.1.0.0 data in these regions originate from HadISST1.1. Very little sea ice information is
available for the Caspian Sea, and so it is unlikely that we would be able to make much progress in this region
in the short term, but we would like to reexamine the Great Lakes’ concentrations.

NSIDC have traced the ice edge position of theDMI ice charts (on which theWalsh and Chapman data are based
prior to 1953) “in order to obtain the ice edge position at a higher resolution than has previously been possible”
[Danish Meteorological Institute and National Snow and Ice Data Center, 2012] (http://nsidc.org/data/g02203.
html). The data will provide a useful addition to our knowledge of Arctic sea ice during this period once they
become available and will help with our understanding of the reliability of the Walsh and Chapman data.

NSIDC has also released the data set “Sea Ice Charts of the Russian Arctic in Gridded Format, 1933–2006”
[Arctic and Antarctic Research Institute, 2007], containing sea ice charts from the Arctic and Antarctic Research
Institute (AARI). This is clearly a useful source of information for the Arctic [Mahoney et al., 2008], and we feel it
would provide a valuable addition to the Walsh and Chapman data prior to the start of the NIC chart data,
especially during the winter months and in the years 1939–1952 which are primarily climatology based in
Walsh and Chapman. However, the AARI data set only covers the Siberian sector of the Arctic and the region
of data is not consistent over time, and so care must be taken so as not to introduce discontinuities when
merging the two sources in time and space. Sudden jumps in the position of the ice edge can easily be in-
troduced when this is done, as well as unrealistic changes in time (e.g., features can disappear and reappear
in consecutive concentration fields).

We would like to improve the method used to infill the gaps between the climatology periods in the
Antarctic. The linear interpolation of the grid box concentrations results in an ice edge that changes more
quickly in regions where the ice grows than in regions where it retreats. Ideally, the ice edge would change
position at a steady rate in both cases. The HadISST.2.1.0.0 Antarctic time series is clearly still lacking data
prior to 1973 and is only based on climatologies before this time. The Southern Ocean Ice Reports data could
be incorporated, but there are very few observations and these are not sufficient to incorporate annual
variability into the time series in ameaningful way by themselves. We are currently imaging further promising
sources of Antarctic sea ice information that could be digitized and used in later versions of HadISST.
Research into how ice observations from ships compare to the later NIC ice charts and passive microwave
retrievals is also required.

We would also like to make further changes to the method that estimates the concentrations based on the
ice edge (section 3.3). At present, land-locked ice is usually set as the high value as it is often some distance
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away from any open water. However, in the Arctic summer lower concentrations can sometimes be seen
along the coastlines in the passive microwave record; therefore, our method may underestimate the
concentrations in these situations. Since completing this work it has come to our attention that there is a
small error in our estimation of the concentrations based on the ice edge, which affects the period up
until 1971 in the Arctic and 1972 in the Antarctic (i.e., the data based on Walsh and Chapman and the
Antarctic atlas climatologies). It only affects a few grid boxes at the very edge of the ice, resulting in
slightly less ice than intended and in some cases open water rather than a concentration of 15%. This does
not affect the main results within this study and will be corrected for in the next version of HadISST (likely
to be version 2.1.1.0).

We have already produced a 0.25° resolution version of HadISST.2.1.0.0 since 1972 in the Arctic and 1973 in
the Arctic (section 3.6), and clearly there is potential for a 0.25° resolution daily bias-adjusted passive mi-
crowave product from 25 October 1978. The daily fields would require quality control and estimation where
gaps exist within the record before any adjustments could be calculated and applied. A daily product could
be used to calculate more accurate temporal bias adjustments, which were based here on the unadjusted
daily OSI SAF passive microwave data (e.g., for the NIC chart data, section 3.2, and the Walsh and Chapman
data, section 3.4).

We have begun work on investigating uncertainties in the sea ice concentrations; however, this is still in the
very early stages. Ideally, we would like to produce multiple realizations of the sea ice concentration fields,
using the ensemble to explore uncertainties in the data. There are clearly large uncertainties involved, par-
ticularly for the historical sources that are based on records of sea ice edges (such as theWalsh and Chapman,
section 2.3, and the Antarctic alas climatologies, section 2.4). Uncertainties arise from the accuracy of the
observations (they are usually based on point observations), the observational coverage (this is usually very
poor), and the estimation of the concentrations (a large scatter can be seen in Figure 7, which indicates large
uncertainties in the method used). The latter method also includes the assumption that the ice edge corre-
sponds to the 15% monthly mean concentration contour; this is uncertain and can depend upon the char-
acter of the ice (whether it is compact or diffuse). Fields based on climatology have an additional source of
uncertainty arising from the large interannual variability of the concentration fields. The later data clearly
contain significant uncertainties as well. The OSI SAF uncertainty estimates are given as standard deviations
and do not take into account surface effects such as melt ponding. The large scatter seen in Figure 3 indicates
that very large differences exist between the NIC charts and the OSI SAF retrievals. This can also be seen in
comparisons of their individual monthly fields (not shown). Often the position of the ice edge and the fea-
tures seen in the concentration fields differ. We also need to investigate how the OSI SAF and NIC chart
uncertainties mentioned in sections 2.1 and 2.2 propagate into the monthly mean regridded values calcu-
lated within this study. Many of the uncertainty components are large for individual grid box values but are
also spatially correlated. An added complication to the calculation of the sea ice uncertainties is that con-
centration values are bounded by 0 and 1, often skewing the distribution of the uncertainties. All these issues
require a better understanding before multiple realizations of the HadISST.2.1.0.0 sea ice fields can be pro-
duced. We would also like to strongly encourage other researchers to produce a centennial-scale bias-ad-
justed sea ice analysis, as this would provide a measure of the structural uncertainty arising from the
methodological choices made during the data set construction.

We caution against the use of HadISST.2.1.0.0 for trend analysis in (i) the Arctic prior to 1953, when the fields
are often based on climatology (especially during winter months) and (ii) the Antarctic prior to 1973, par-
ticularly as the data consist of climatologies that are based on sparse ship observations.

As discussed in section 2.1, OSI SAF plans to release a new product in 2014 that can be used for subsequent
updates to their reprocessed concentration data set and therefore HadISST.2.1.0.0. We plan to first use ver-
sion 1.1 to update HadISST.2.1.0.0 to 2009 and will then use the new product to update our data set to 2013
and provide regular monthly updates after that.

The HadISST data set is freely available to researchers. Version 2.1.0.0 will be released after publication of the
three parts of the paper describing it (this study and two papers currently in preparation by Kennedy et al.
and Rayner et al.), followed by subsequent versions once they become available. Full documentation will be
provided, and the most recent version will be updated monthly. Further information can be found at http://
www.metoffice.gov.uk/hadobs/hadisst2/.
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