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Table 11. Trends of Differences in Ice Area Relative to the BRI
Algorithm in 1000 km?/yr®

CF CP NT NT2 N90 TUD

1991-2004 (Annual)

Trend 1.33 -3.93 —3.90 —3.42 3.98 —1.43

S 62 85 83 81 89 55
1987-2004 (Annual)

Trend 1.12 —1.43 —4.62

S 71 51 97
1991-2004 (Winter)

Trend 3.20 —7.69 —9.36 —7.30 0.86 —4.01

S 87 95 98 95 24 90
1987—-2004 (Winter)

Trend 3.26 —6.03 —8.11

S 98 98 99

S indicates the statistical significance in percent with which the
hypothesis of zero slope is rejected.

Bristol algorithm is that among the non-85 GHz algorithms
it consistently showed the lowest standard deviation in the
wintertime comparisons in sections 4.1, 4.3, and 4.4.
However, the choice is not important for the analysis as
the main objective is to simply explore differences between
the trends of different algorithms and investigate the statis-
tical significance of these differences. Analyzing the differ-
ences has two distinct advantages: It eliminates variations in
the time series that are common to all algorithms, and it
allows to conveniently test the statistical significance of the
differences by testing the hypothesis of a relative trend
different from zero. Figure 9 shows the resulting time series
for the wintertime subset. Using the full data set (not
shown) gives approximately the same results, except that
the trends of ice extent and area are more similar. While the
amplitude of the monthly extent and area anomalies is
generally larger than 10° km? [c.f. Parkinson et al., 1999;
Comiso, 2001], taking the difference between algorithms
reduces this amplitude by at least an order of magnitude and
even more for ice extent. This reduction in amplitude
mostly accounts for real fluctuations in the ice extent and
area, whereas the residual variation is mostly due to differ-
ences in the ice concentration algorithms. The independent
variations between the algorithms are larger for ice area than
ice extent, consistent with the more complicated sensitivi-
ties to ice and snow surface parameters.

[32] Most algorithms display trend relative to BRI both
for ice extent and for ice area, however it is clear from
Figure 9 that this trend is not identical for all algorithms.
This indicates that temporal changes in interfering proper-
ties, such as surface and atmospheric effects, affect the
algorithms in different ways. In particular, it is interesting to
note that only CF has a negative trend in ice extent relative
to BRI, while N90 has the most positive trend. Following
Andersen et al. [2006], these respective algorithms are the
least and most sensitive to atmospheric effects. The differ-
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ence in sensitivity is largest for surface wind speed. We
speculate that increased atmospheric effects in connection
with the increasing surface temperatures, documented by
Comiso [2001], and/or long-term variations in storm tracks,
may counter the downward trend in ice extent by raising
retrieved ice concentrations at the ice edge. This effect
would be more pronounced in the algorithms that are more
sensitive to atmospheric effects.

[33] To quantify whether the relative trends in Figure 9
are statistically significant, two sided significance levels are
computed conservatively using the student’s t distribution
with adjusted standard error and degrees of freedom fol-
lowing Santer et al. [2000]. Results for ice extent are not
shown since the trends relative to BRI are in most cases
significantly different from zero. The exceptions are (1) NT,
that consistently shows little trend relative to BRI on the
1987-2004 time series but significant trend on the 1991—
2004 time series, and (2) TUD, which shows insignificant
trend relative to BRI, mainly owing to a relatively larger and
unexplained variability of the difference between the two
algorithms. The results for ice area, given in Table 11, are
much more varied. However, nonsignificant trends when
summer data is included in the analysis seems to be a
uniting feature, which is in line with the more uniform skill
found for summer data in section 4. During winter the
trends of the CP, NT, NT2, and partly CF against BRI are all
significant to a very high level of confidence. The TUD and
NO90 are more similar to BRI. This is again in line with the
results for the wintertime comparison in section 4.

[34] In conclusion, we state that (1) the trends in ice
extent derived through different algorithms typically have
differences with statistically significant trend, (2) these
relative trends show a pattern consistent with the sensitiv-
ities of the algorithms to atmospheric contamination, (3) the
differences of the ice area estimates show larger amplitudes
consistent with the more complicated sensitivities to ice and
snow surface parameters, and (4) the trend of the differences
is typically between 5 and 10% of the total observed trend
in extent and area.

5. Conclusions

[35] We have presented the results from inter comparison
of seven passive microwave sea ice concentration algo-
rithms as well as comparison to a comprehensive collection
of reference data over surfaces within the Arctic perennial
ice cover. While most previous work has concentrated on a
few algorithms, it seems justified to consider a large
ensemble of approaches since there are significant differ-
ences. Results from the comparison to ship-based observa-
tions and SAR-based concentrations, are generally similar
to the extent that algorithms based on 85 GHz data have
better skill. Recalling that these algorithms are more sensi-
tive to atmospheric effects, it indicates that retrieval of high
ice concentrations are most affected by surface effects and
limitations of the sensor, that is, smearing and sensor noise.
A particularly trusted data subset allowed the separation of

Figure 9. Observed differences between ice extent (black) and ice area (grey) winter time series relative to BRI: (a, b)
results for the 1991—-2004 period for CF, CP, N90, NT, NT2, and TUD and (c) results for the 1987—-2004 period for CF, CP,

and NT.
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these contributions. This data set essentially consisted of sea
ice of concentration in excess of 99% and variations due to
smearing could be neglected. The error standard deviations
were in the range between 2.5 and 5% and 2.1 and 4.7%,
before and after subtraction of variance due to sensor noise,
respectively. The variability obtained from wintertime high
ice concentration areas, using an ensemble mean concen-
tration threshold of 90%, agreed with these numbers with
ranges of standard deviation generally between 3 and 5%.

[36] For all algorithms during winter, the error standard
deviations exceeded the standard deviations of the SAR
derived concentrations. Consequently, very low values of
the correlation between the two data sets were found.
Similar low correlations were found when comparing
SSM/I ice concentration changes to opening in the ice cover
derived from RGPS ice motion data. This kinematic evi-
dence allows us to conclude that during winter and in
perennial sea ice, the prevailing ice concentrations are very
high and the variability in ice concentrations derived from
SSM/I measurements is mainly due to variations in ice
emissivity. In the high ice concentration domain, a constant
ice concentration actually matches the SAR concentration
better than the SSM/I derived concentrations. Importantly,
at intermediate concentrations, the correlation between SAR
and SSM/I concentrations are between 0.8 and 0.9 and
somewhat lower between ship observations and SSM/I. As
a consequence of the prevailing high-concentration sea ice
in our data set, we are not able to accurately determine an
exact concentration threshold where the correlation between
SSM/T and SAR concentrations becomes insignificant.

[37] During summer, the main results showed decreases
in retrieved ice concentrations leading to bias changes of
typically —5 to —10%. However for the ship observation a
larger spread in error standard deviation and correlation was
found, where the comparison against SAR data showed
more uniform values. The comparison to ship data led to
error standard deviations that were lower during summer
than during winter, where for the comparison against SAR
the opposite was the case. This is mainly because of the
very different routes taken during the winter and summer
cruises, where the winter cruise stayed largely in the
Marginal Ice, whereas the summer cruise penetrated
through the perennial sea ice to the North Pole.

[38] Analysis of the entire SSM/I time series showed that
the differences between the algorithms has significant
temporal trend affecting both ice extent and area estimates.
All algorithms indicate a significant sea ice retreat; however,
they differ significantly in their estimates of the rate of this
retreat. For ice extent the sensitivity to atmospheric influ-
ences appears crucial, and the least sensitive algorithm
showed a negative trend against a moderately sensitive
algorithm, whereas the most sensitive algorithm showed
the largest positive trend. A possible explanation could be
due to increased atmospheric effects related to the increas-
ing surface temperatures, such as reported by Comiso
[2001]. This, as well as long-term changes in storm tracks,
could lead to increased atmospheric effects and increased
ice concentration retrievals that would counteract the neg-
ative trend in ice extent more for the most sensitive
algorithms. While it is beyond the scope of the present
paper, it is considered worthwhile to examine this in more
detail in the future. For ice area, significant trends between
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algorithms are established only during winter. When sum-
mer data is included, the differences in trends are reduced.
This is consistent with the observation of more uniform
errors in comparison to summer time SAR data. Interest-
ingly, it is found that the N90 and TUD derived ice area
time series consistently yield insignificant trend against
BRI, which is in accord with the finding that these three
algorithms gave the overall best statistics in comparison
with both ship and SAR data.

[39] A consequence of our findings for the winter season
is that applications, which rely on ice concentrations within
the perennial sea ice during winter, should not rely exclu-
sively on SSM/I based observations. Since it is demonstrat-
ed that the errors pertain to uncertainties in the tie point
emissivities, moderately increased resolution, such as of-
fered by AMSR and the possible future CMIS instruments,
will not significantly improve the situation. In the long-
term, improved understanding of the radiative processes in
snow and sea ice would be beneficial and might also allow
more reliable detection of important snow and sea ice
parameters. In the meantime, increased use of high-resolu-
tion observations, such as SAR and to some extent VIS/IR
observations, is an important supplement.
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