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1 Introduction 1

1 Introduction

There are several satellite sensors that have collected microwave emission data of the Arctic
in the past decades, e.g., the SSM/T and SSMIS series, and the AMSR series. However, none
of these sensors provides temporal coverage of several decades. Therefore, data from several
sensors needs to be combined. The near 90 GHz channels of these sensors offer the highest
spatial resolution and thus are attractive for regional studies and operational applications.
The downside is a higher atmospheric sensitivity compared to higher frequencies. The idea
is to create a consistent long-term sea ice concentration (SIC) time series from multiple
passive microwave sensors. Key challenges are the slightly different operating frequencies of
the sensors, temporal overlap and outlier in the datasets.

This document first gives an overview about the datasets. Then it introduces the outlier
filters, and the tie point estimation method. It concludes with a description of the sensor
adjustment procedure and the final SIC time series. The steps are as follows (Figure [2)):

o Load brightness temperature data (NSIDC, EASE2 grid)

« Compute SIC, sea ice extent and sea ice area using the ARTIST Sea Ice (ASI) algorithm
[Spreen et al. [2008]

« Apply outlier filters (Section

 Estimate tie points from filtered SIC data via mean squared error (MSE) minimization

(Section

« Apply the calibration to all sensors using the selected tie point strategy (yearly median,
see Section |5

« Generate final time series (Section [6])

INPUT OUTPUT
NSIDC TB data Tie Point
from SSM/I, SIC from AS| Outlier filtering Estimation Sensor Final time series

SSMIS, AMSR-2 algorithm (Nelder-Mead) Adjustment

Figure 2. Processing pipeline for generating the final sea ice concentration time series from
NSIDC brightness temperature data.

2 Datasets Overview

The primary input for the SIC time series algorithm consists of Level 2 gridded and resolution

enhanced microwave brightness temperatures [Brodzik et al] [2016] from passive conically
scanning radiometers [Remote Sensing Systems| [2022} INASA Earthdatal [2025]. The time
series combines observations from three sensors: AMSR2, SSMIS, and SSM/I, providing con-

tinuous coverage from 1987 to the present. AMSR2, launched in 2012, provides 14 channels
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between 6.9 and 89 GHz at horizontal and vertical polarizations. SSMIS, onboard DMSP
satellites (F16, F17, F18), offers 24 channels covering frequencies from 19 to 183 GHz. SSM/I,
also flown on DMSP satellites (F08, F10, F11, F13, F14, and F15), provides seven channels
between 19 and 85 GHz. Due to differences in native spatial resolution across channels and
sensors, all observations are resampled to a common grid with a spatial resolution of 6.25
km using the Scatterometer Image Reconctruction (SIR) algorithm [Long et al [1993]. For
the SIC time series, only a subset of frequencies is used, namely channels centered around
18/19 GHz, 22/23 GHz, 36/37 GHz, and 85/89/91 GHz. Table |l| provides an overview of
the selected frequencies and the temporal coverage of the three sensors. The data is mapped
to EASE2 (Equal-Area Scalable Earth) grid and was processed by the National Snow and
Ice Data Center (NSIDC) [Brodzik et al} 2016|. Figure 3| gives an overview of the available
data from NSIDC. The data of F15 should not be used after July 2006 due to noisy retrievals
[Hilburn and Wentz], 2008]. The SSMIS F18 was chosen for the testing of the time series
adaption, however, it was not included in the final time series (Section @ because SSMIS

F16 provides a broader temporal coverage. Five satellite sensors were selected for the final
time series based on temporal coverage and available data. Figure [4] provides an overview of
these sensors and indicates the periods selected for the tie point estimation in Section [4]

Table 1. Satellite sensors and their respective operating frequencies [Remote Sensing Systems)
|2022|; [NASA Earthdataj |2025| .

Sensor  Satellites Sensor Frequencies Temporal Coverage

SSM/I  F08, F10, F11, F13 19, 22, 37, 85 GHz 1987 - 2008
SSMIS F15, F16, F17, F18 19, 22, 37, 91 GHz 2000 - present
AMSR-2 GCOM-W1 18, 23, 36, 89 GHz 2012 - present

Data Availabilty

AMSR2 A | |

AMSRE

- AMSR

F18 -
F17 - - SSMIS

F16 1
F15 4 - SSMI

F14 -

F13 7 D D I not available

F11 4

not usable
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Sensor

Figure 3. Overview of available data from NSIDC [Brodzik et all [2016] for the sensors SSM/I,
SSMIS and AMSR-2. The black rectangles indicate the selected overlap periods used
to intercalibrate data between sensors (see Sections [4] and [f). The dataset spans
1987-2024. The data of F15 should not be used after July 2006 [Hilburn and Wentz|
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Data Availabilty

AMSR2 { AMSR

S F161 SSMIS

g ri3 SSMI
F10+1 not available

Figure 4. Overview of relevant SSM/I, SSMIS and AMSR-2 datasets. The black rectangles
indicate the selected overlap periods used to intercalibrate data between sensors (see
Sections [4] and [5)). The dataset spans 1987-2024 and is provided by NSIDC [Brodzik]
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3 Outlier Filtering

Before adjusting the different datasets to one another, the data is filtered in order to remove
the outliers. Two different masks are applied, one is related to the number of NANs (Not-
a-Number) for each day, and one is related to the daily change in sea ice extent. All dates
where both masks are valid are excluded from the tie point optimization.

Filter 1
This filter excludes all dates where the number of NANSs do not lie within +15% of the yearly
mean amount of NANs:

(1)

365
#HNangqy > ((1 +0.15) - ”Zl#mmn> :

365

Figure |5|demonstrates this filter using the SSMIS F18 sensor for the year 2013 as an example.
It shows the daily sea ice extent in blue and the amounts of NANs per day in red. The yearly
mean amount of NANs and the 15 % deviation from that is shown in gray. Apart from small
deviations from the yearly mean nan count, there is one bigger outlier visible in mid April,
which corresponds with the outlier in the sea ice extent.
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Sea Ice Extent and NaN Count for F18 (2013)
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Figure 5. Sea ice extent data of SSMIS F18 in 2013 (blue). Daily amount of nan (red), yearly
mean of nan count and the £15% deviation from the mean (gray).

Filter 2

The second filter compares the change of sea ice extent from one day to another. It excludes

all dates where the change in sea ice extent is bigger than 4-0.25 million km?:

|diff (extent,,, extent,, ;)| > 0.25 - 10%km?.

(2)

The SSMIS F18 sensor is again used as an example to demonstrate the filter. Figure [6]shows

the sea ice extent for 2013 in blue and the daily change in sea ice extent in green. The yearly

mean in A sea ice extent and the 4 0.25 million km? deviation is shown in gray. The outlier

in April is also visible in the A sea ice extent as strong change.

Sea Ice Extent and Daily Change for F18 (2013)
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Figure 6. Sea ice extent data of SSMIS F18 in 2013 (blue). Daily change in sea ice extent
(green), yearly mean of A sea ice extent and its + 0.25 M km? deviation (gray).
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Combining both filters results in the following mask for filtering out outliers:

Ziﬁzsl #nan, )] (3)

[|diff(extentn,extentn+1)| > (.25 - 106km2} A [#nanday > ((1 +0.15) - 265

When the filter is applied, only the dates are kept where both filters are invalid. Figure [7]
shows the resulting filtered sea ice extent together with the unfiltered extent as comparison.

Sea Ice Extent for F18 (2013)
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Figure 7. SSMIS F18: Comparison between unfiltered and filtered sea ice extent using the
nan-count and A sea ice extent filter.

4 Tie Point Estimation

The sea ice concentration is computed from the brightness temperatures measured by the

different microwave sensors using the ASI algorithm [Spreen et al] [2008]. The algorithm

requires among other things two tie points as input, one for open water (F,) and one for
100% sea ice concentration (Py). The tie points depend on the operating frequencies of the
sensors. Since the SSM /I and SSMIS sensors operate at other frequencies than the AMSR-2
sensor, they need to be adjusted to one another. The AMSR-2 data are used as reference
and the other sensors are adjusted. The tie points for the SSM/I and SSMIS sensors are
estimated by minimizing the mean squared error (MSE) between the sea ice concentration
from AMSR-2 data and a SSMIS sensor:

F#pizels
min ( Z (SICSSMIS — SIOAMSR)Q) . (4)

n=1

For this multidimensional minimization, the Nelder-Mead-Algorithm is used [Nelder and
1965] by using the Python library SciPy. As starting point the tie points used for the
AMSR-2 data are chosen: Py =47.0, P, = 11.7.
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5 Sensor Adjustment Procedure

For validating the tie point estimation with the Nelder-Mead-Algorithm, the method was
first applied to only one sensor. Afterwards, it was extended to all SSM /T and SSMIS sensors.

Pilot Test

The SSMIS sensor F18 was chosen to test the tie point optimization for a three year period
(2013 - 2015). First, the filters mentioned in Section [3| are applied to the two datasets to
identify outliers and exclude these dates from the tie point estimation. Then, the optimum
tie points for F18 for each date is computed. A 7-day rolling median is applied to reduce
day-to-day noise while preserving seasonal trends. Figure [§ shows the optimized tie points
for each day for the year 2013 together with the 7-day-rolling median and the yearly median.
The yearly median results in Py = 41.78 and P, = 10.74, respectively, for the estimated tie
points. While P; stays relatively constant throughout the year, Fy shows stronger deviations
from the yearly median, especially in summer. However, because the AMSR-2 ASI algorithm
also uses constant tie points, we also use constant tie points without seasonal changes. This
approach is also justified by the low variability of the more important P1 sea ice tie point.
Further justification and evaluation of this choice are provided below.

Daily values and 7-day-rolling median (F18, 2013)
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Figure 8. SSMIS F18: Optimized daily tie points for 2013, including their 7-day rolling median
and yearly median. Results are shown for two tie points: open ocean (P0) and 100%
sea ice concentration (P1).
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The sea ice area can be computed from the sea ice concentration. Figure [9] shows the
resulting sea ice area for F18 in 2013, computed from three different data: F18 data using
the newly estimated tie points, F18 data using the AMSR-2 tie points and AMSR-2 data.
The effect of the new tie points is clearly visible. The new F18 data resemble closely the
data from AMSR-2. In the summer months, the stronger deviations in the daily tie points
are visible as the plot of the new F18 data deviates slightly from the AMSR-2 data.
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Figure 9. SSMIS F18: Comparison of sea ice area for 2013 derived using different approaches:
AMSR2 data, SSMIS F18 data calibrated with AMSR2 tie points, and SSMIS F18
data calibrated with newly estimated tie points.

The pilot test (Fig. @ has shown that the tie point estimation has worked. However, the
question remains to what extent the varying tie points in the summer months influence the
result and whether for the computation of the whole dataset tie points should be chosen on
a daily basis or the same for the all the data from one sensor. Table [2| compares the daily tie
points for some dates with the yearly median. As expected, P; is relatively consistent while
P, varies more for all dates. Especially in summer (15.07.2013), the deviation of Py from
the yearly median is strong with over 2.0. In order to assess whether the yearly median is
still sufficient as tie point for the summer months, the resulting SIC maps from yearly and
daily tie points are compared.
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Table 2. SSMIS F18: Comparison of daily tie points with yearly mean values for selected dates
(see Figure [§] for reference).

7-day rolling median P, P

01.02.2013 41.6 10.6
01.04.2013 43.7 114
15.07.2013 39.2 11.2
01.12.2013 42.3 10.8
Yearly median 41.8 10.7

Figure [10[shows the SIC map for two dates and three different setups: one from AMSR-2
data, one from F18 with daily mean for tie points and one from F18 with the yearly median
tie points. One date in summer (15.07.2013) and one date in winter (01.02.2013) is selected.
As expected, the selected winter date shows only small differences between the setups. For
the selected date in summer, the SIC map from daily and yearly tie points resemble one
another, while they show larger differences to the SIC derived from AMSR-2 tie points. The
difference maps in Figure [I1] confirm this observation. The figure shows the difference in
SIC between using AMSR-2 tie points and yearly tie points, and AMSR-2 tie points and
daily tie points, respectively, for the same dates as in Figure [I[0] While the SIC map from
the winter date shows only small differences, mainly visible at the ice edge, the other date
shows bigger differences with deviations of more than 10 % SIC in some areas. However,
these maps also show that these differences are similar for yearly and daily tie points. This
leads to the assumption that these deviations are not due to the choice of tie points but
caused by other factors. Since daily and yearly tie points produce similar results, yearly tie
points are used.
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Artic Sea Ice Concentration 01.02.2013 (AMSR2) Artic Sea Ice Concentration 15.07.2013 (AMSR2)
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Figure 10. Comparison of sea ice concentration (SIC) maps derived from AMSR2 data, SSMIS
data using yearly tie points, and SSMIS data using daily tie points. One date in
winter date and one in summer are shown.
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Arctic SIC Diff (AMSR - F18) 01.02.2013 (yearly tie points)
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Figure 11. Difference maps between AMSR2- and SSMIS-derived sea ice concentration (Fig.

10)) given in absolute percent SIC.
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Expansion to three year period

The pilot test is extended to a three year period, using the same procedure as before for each
year. Figure shows the optimized tie points for the whole period and the 7-day-rolling
median and the yearly median. Despite some outliers, the tie points show a yearly pattern
with more variations in summer than in winter. Table [3] shows the yearly median and the
3-years median of the two tie points. The yearly median of the tie points is similar for all
three years, or even the same in the case of P1. This leads to the conclusion that one year is
already sufficient for the estimation of the tie points. However, for estimating the tie points
of the remaining sensors, the longest overlapping period possible is chosen. Sometimes, this
still results in an period of only one year due to incomplete datasets or small overlapping
periods.

Daily values and 7-day-rolling median (F18, 2013 - 2015)
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Figure 12. SSMIS F18: Optimized daily tie points from 2013 to 2015, including their 7-day
rolling median and yearly median.

Table 3. SSMIS F18: Yearly median tie points and corresponding 3-year median values derived
from the optimized daily tie points.

Median B, P

2013 yearly median 41.8 10.7
2014 yearly median 41.6 10.7
2015 yearly median 41.6 10.7

3 years median 41.7 10.7
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New Tie Points

Since the AMSR-2 sensor does not have an overlapping period with every SSM /T and SSMIS
sensor, the sensors are adjusted subsequently, i.e., the optimum tie points for F16 are found
by using AMSR-2 as reference, and the optimum tie points for F13 are found by using F16
as reference, and so on. Table [4] shows which sensors were chosen as reference for which
tie point estimation and the reference period. It also shows the newly estimated tie points.
They only differ slightly from one sensor to another.

Table 4. Overview of sensors and their newly estimated tie points, derived using the Nelder-
Mead optimization algorithm.

Sensor (New) tie points Reference period Reference sensor
AMSR-2 P, =470, P, =11.7 / /

F18 Fy=411, P, =10.7 2013 - 2015 AMSR-2

F16 Py=419, P, =10.7 2013, 2014 AMSR-2

F13 Py=414, P, =10.7 2008 F16

F10 Py=419, P, =105 1996, 1997 F13

6 Final Timeseries

For the final timeseries, the data from the most recent sensor available is always used (Table
. The final timeseries product consists of daily sea ice concentration maps saved as png-
files and their respective nc-files. Figure shows the structure of the nc-file and the
corresponding png-file of SSMIS F18 for February 1, 2012, as example. The nc-file contains
the daily SIC values in EASE2 grid with a resolution of 6.25 km and the relevant gridding
parameters. The png file shows the SIC map covering the whole Arctic down to the mid-
latitudes (50° N). The daily sea ice area and sea ice extent values are saved in a csv-file. The
sea ice area in square meters is defined as the total region covered by sea ice, and the sea
ice extent in square meters is defined as the total region with at least 15 % sea ice cover.
Figure [14] shows the resulting sea ice area time series from 1991 - 2024. As the difference
between the data of two different sensors is low compared to the whole time series, the data
is simply connected and not averaged in the overlapping period. The different colors of the
plot indicate the different sensors used for the time series. There were still some outliers in
the data. Therefore, the two filters described in Section [3| have been applied and the data
points were connected to fill in the resulting data gaps.
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Artic Sea Ice Concentration 01.02.2012 (F16)
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Figure 13. SSMIS F18:

Example of the final nc- and png-file for February 1, 2012.
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Figure 14. Final sea ice area time series derived from the calibrated dataset.
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