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Abstract

A regime shift is an abrupt, substantial, and persistent change in the state of a system. We show that a regime shift in the
September Arctic sea-ice extent (SIE) occurred in 2007. Before 2007, September SIE was declining approximately linearly. In
September 2007, SIE had its largest year-to-year drop (by a wide margin) in the entire 46-year satellite record (1979-2024).
Since 2007, September SIE has been approximately constant, i.e., no long-term trend. The regime shift in 2007 was caused by
significant export and melt of older and thicker sea ice over the previous 2 to 3 years, as documented in other studies. We test
alternatives to the traditional linear model of declining September SIE, and discuss possible explanations for the lack of a trend

since 2007.
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Key Points

A regime shift occurred in 2007 in the September Arctic sea-ice extent, from a downward trend

(1979-2006) to no trend (2007-2024).

The period of no trend is inconsistent with a linear model of decline during 1979-2024, so an

alternative description should be used.

Abstract

A regime shift is an abrupt, substantial, and persistent change in the state of a system. We show
that a regime shift in the September Arctic sea-ice extent (SIE) occurred in 2007. Before 2007,
September SIE was declining approximately linearly. In September 2007, SIE had its largest
year-to-year drop (by a wide margin) in the entire 46-year satellite record (1979-2024). Since
2007, September SIE has been approximately constant, i.e., no long-term trend. The regime shift

in 2007 was caused by significant export and melt of older and thicker sea ice over the previous
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2 to 3 years, as documented in other studies. We test alternatives to the traditional linear model of

declining September SIE, and discuss possible explanations for the lack of a trend since 2007.

Plain Language Summary

The Arctic Ocean freezes in winter and melts back in summer, but not completely — some sea ice
always remains in the ocean at the end of the melt season in September. However, the area of
that remaining sea ice has greatly declined since satellites began monitoring it in 1979. We show
that the decline of September sea-ice area has not been steady over the years, as it is commonly
portrayed. After declining from 1979 to 2006, there was a huge loss of sea ice in September
2007, followed by 18 years of ups and downs but no long-term trend. We say that a regime shift
occurred in 2007 because the behavior of the September sea-ice area changed from declining to
stable. We propose a simplified way of looking at the 46-year record of September sea-ice area,

and we discuss possible explanations for the lack of a trend since 2007.
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1. Introduction

Sea ice in the Arctic Ocean goes through an annual cycle of growth in winter and melt in
summer. The area covered by sea ice in the Arctic Ocean has declined in all months of the year
since the beginning of the satellite record in 1979, and its thickness has also declined (Fox-
Kemper et al., 2021; Meier and Stroeve, 2022). Sumata et al. (2023) recently documented a
regime shift in Arctic sea-ice thickness in 2007, from a thicker and more deformed ice cover to a
thinner and more uniform ice cover. We show that a regime shift in Arctic sea-ice extent also
occurred in 2007. A regime shift is an abrupt, substantial, and persistent change in the state of a
system (Reid et al., 2015).

Sea-ice concentration (SIC) is the fraction of an area that is covered by sea ice. Gridded
SIC data products are regularly produced from spaceborne passive microwave sensors with grid
sizes ranging from 3.125 x 3.125 km (e.g. Spreen et al., 2008) to 25 x 25 km (e.g. DiGirolamo et
al., 2022). Sea-ice extent (SIE) is defined as the total area of all grid cells with SIC greater than
15%.

Arctic SIE reaches its annual minimum in September. From 1979 to 2024, the linear trend
in September SIE is —0.78 x 10° km? per decade (Figure 1) with standard deviation 0.058 x 10°
km? per decade. The trend may also be expressed as —12.1% per decade (with standard deviation
0.9% per decade) relative to the mean September SIE of 6.4 x 10° km? as calculated over the 30-
year base period 1981-2010 (Fetterer et al., 2017). However, we show that the September SIE

abruptly changed behavior in 2007 from a downward trend to approximately constant in time.
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2. Data

We use the monthly average September Arctic SIE from the Sea Ice Index produced by
the National Snow and Ice Data Center (NSIDC) (Fetterer et al., 2017). The Sea Ice Index is
derived from satellite passive microwave data (DiGirolamo et al., 2022) with grid size
approximately 25 x 25 km. It is updated periodically to include the most recent satellite data.
Values of September Arctic SIE for 1979-2024 are plotted in Figure 1.

We use the Sea Ice Index because the documentation states: “The ... data are produced in
a consistent way that makes the Index time-series appropriate for use when looking at long-term

trends in sea ice cover.” (Fetterer et al., 2017).
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September Arctic Sea—Ice Extent

1880 19380 2000 2010 2020
Year

Figure 1. September Arctic sea-ice extent (blue dots, in units of 10° km?) from the NSIDC Sea
Ice Index (Fetterer et al., 2017). The linear least-squares fit is shown in red with slope —0.78 X

10° km? per decade.
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3. Plausibility of a regime shift

Several factors point to the plausibility of a regime shift in the September SIE in 2007.

(1) As noted above, Sumata et al. (2023) found a regime shift in sea-ice thickness in 2007,
from a thicker and more deformed ice cover to a thinner and more uniform ice cover. This opens
the possibility of a change in the characteristic behavior of SIE as well, because a thinner ice
cover is more susceptible to melt away by the end of summer (e.g., Lindsay and Zhang, 2005).

(1) The largest year-to-year decline in September SIE occurred in 2007 with a loss of 1.6
x 10° km? from the previous year. The next largest declines occurred in 1993 and 1995 with
losses of 1.1 x 10° km? from the previous year in both cases. Thus, the loss of area in 2007 was
45% greater than the next largest loss. In terms of percentage change from the previous year, the
largest decline again occurred in 2007 with a drop of 27%. The next largest decline occurred in
2012, when a record-low SIE was set, with a drop of 22%. The declines in 1993 and 1995 were
14% and 15%, respectively. Thus, the percentage decline in 2007 again stands out as exceptional.

(1i1) Consider partitioning the time series of September SIE into periods before and after a
breakpoint T. Since there are 46 years in the time series, there are 45 possible breakpoints
between years. For a given breakpoint T, find the minimum value of September SIE for the years
before T (call it MIN), and the maximum value of September SIE for the years after T (call it
MAX). Is it ever the case that MAX < MIN? The answer is yes, but only when T is between
2006 and 2007. That is the only breakpoint T in the time series for which all the values after T
are less than all the values before T. This is illustrated in Figure 2 by the vertical and horizontal
dotted lines. This indicates that the September SIE has never recovered from the jolt it received

in 2007.
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September Arctic Seo—lce Extent
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Figure 2. The same data as in Figure 1. The vertical dotted line between 2006 and 2007 marks
the regime shift or breakpoint. The horizontal dotted line (at about 5.4 x 10° km?) has the
property that all the data values before the breakpoint are above the line and all the data values
after the breakpoint are below the line. The only place in the time series where a horizontal line
with that property can be drawn is for the breakpoint between 2006 and 2007. The linear least-
squares fit for 1979-2006 is shown in red with slope —0.55 x 10% km? per decade. The mean sea-

ice extent for 2007-2024 is also shown in red with value 4.63 x 10° km?.
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4. Detection of a regime shift

Rodionov (2004) presented an algorithm for detecting regime shifts in climate time series
such as the Pacific Decadal Oscillation that have no long-term trend. The algorithm detects
significant changes in the running mean of the time series using Student’s t-test. The user must
supply a parameter called the cut-off length, L, which is the minimum length of a regime.
Although the algorithm is designed for time series with no long-term trend, Rodionov (2004)
showed that it also works when a long-term trend is present (his Table 1). Sumata et al. (2023)
used Rodionov’s method for detecting a regime shift in sea-ice thickness, using a cut-off length
of L =7 years.

We first experimented with Rodionov’s method on a time series of length 46 with values
drawn from a normal distribution with zero mean and unit variance. We found that when the
significance level of the t-test was set to p=0.05 the method detected spurious regime shifts for
cut-off lengths L > 7, but when p=0.01 no such spurious regime shifts were detected. We
therefore used p=0.01 in our application of the method to the September SIE time series.

We found that Rodionov’s method detects a regime shift in the September SIE time series
in 2007 for all values of the cut-off length L from 5 to 15 years. Additional regime shifts are also
detected when L > 9 years. Note that in a time series with a long-term trend, as the cut-off length
L increases, more and more of the running variability is in the trend as opposed to the
fluctuations around the trend. For that reason, a shift in the running mean becomes more and
more likely as L increases, which likely explains the additional regime shifts that are detected

when L > 9 years.
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Rodionov’s method of regime shift detection depends on the significance level of the t-
test and on the cut-off length L. It also assumes that the running variance of the time series, as
calculated over segments of length L, does not change much over the entire time series. Although
Rodionov’s method does detect a regime shift in the September SIE in 2007, we would like to
find a method that does not depend on tunable parameters and that tests the specific hypothesis

of a regime shift in 2007 rather than searching for regime shifts in all possible years.

5. Bootstrap simulation

The full 46-year September SIE time series has a best-fit slope of Ss.0s = —0.78 x 10°
km? per decade, and yet the last 18 years of the time series (2007-2024) has a best-fit slope of
only Sig-oss = —0.099 x 10° km? per decade. Motivated by Figures 1 and 2 and the results of
Sections 3 and 4, we want to determine how unusual that slope difference is. Specifically, we
assume that the observed 46-year time series is well described by a linear model with slope Sse-
o.s plus residuals, and we ask how unusual it is for the final 18 years of that time series to have a
best-fit slope of Sig-ops. The null hypothesis (Ho) is that the observed slope Sis-oBs is consistent
with the 46-year linear model plus residuals. The alternative hypothesis (H1) is that Sis-oss is not
consistent with that model.

To test the hypotheses, we conduct a bootstrap simulation with the following general
outline: Construct a large number of synthetic 46-year time series based on the same “linear
model plus residuals” as the original time series; for each synthetic time series, calculate the
slope of the final 18 years, creating a distribution of final 18-year slopes; compare the final 18-

year slope of the original time series (Sis-oss) to the distribution of synthetically derived slopes;
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if S1g-0Bs lies in the outer 1% of the distribution, then reject Ho and accept Hi; otherwise, do not
reject Ho.

The specific steps are as follows:

(1) Subtract the best-fit linear model of the 46-year September SIE time series (see Figure
1) from the time series itself to obtain residuals with zero mean.

(i1) Test whether the lag-1 autocorrelation of the residuals is significantly different from
zero or not, using the Durbin-Watson test (see Supporting Information, Text S1). The result is
that the lag-1 autocorrelation is not significantly different from zero, which means that the
bootstrap simulation does not need to account for autocorrelation in the residuals.

(i11)) Randomly permute the order of the residuals and then add them back to the original
linear model to create a new (synthetic) time series. Calculate the best-fit slope for the full 46-
year synthetic time series (call it S4¢) and the best-fit slope for the final 18 years (call it Sis).
Note that the slope S4¢ will be nearly the same as the slope of the original time series, but not
exactly the same, because the order of the residuals affects the least-squares fitting. For example,
a large anomaly near the middle of a time series has very little influence on the least-squares
slope, while the same anomaly at the end of the time series has a larger influence. For that
reason, S46 and Sis are both calculated and saved. Nevertheless, the synthetic time series has
nearly the same 46-year least-squares slope and residuals as the original time series. The real
quantity of interest is the slope of the final 18 years, Sis.

(iv) Repeat step (iii) 10,000 times to obtain a distribution of Sis and a distribution of Se.
The resulting 10,000 pairs of numbers are plotted in Figure S1, with Sig on the X-axis and S46 on

the Y-axis.

10
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The first point to note in Figure S1 is that the distribution of S46 is very narrow: its
standard deviation (0.057 x 10° km? per decade) is only 7% of the magnitude of its mean value
(0.78 x 10° km? per decade). This shows that most of the synthetic time series have nearly the
same least-squares slope as the original time series, and therefore nearly the same residuals (but
in a different order). Thus, the pool of 10,000 synthetic time series is representative of the
original time series for the purpose of the bootstrap simulation.

The second point to note in Figure S1 is that the observed value of the final 18-year slope
(Sis-0Bs = —0.099 x 10 km? per decade) is at the far extreme edge of the distribution of Ss: only
16 out of 10,000 values are larger than Sis.ops. The standard deviation of S;g is 0.23 x 10° km?
per decade, so Sis.oBs exceeds the mean of Sig by 2.9 standard deviations. At the other end of the
distribution, only 13 out of 10,000 values are more than 2.9 standard deviations smaller than the
mean of Sig. Taken together, only 0.3% of the simulated slopes Sig are more extreme than the
observed value Sis.os. Therefore, we reject the null hypothesis and conclude that a linear model
is not appropriate for the 46-year time series of September SIE because the trend over the final

18 years is not consistent with such a model.

6. Alternatives to the linear model

In light of the results in the previous section, we consider several alternatives to a linear

model of September SIE: a piecewise-linear model with a breakpoint between 2006 and 2007, a

cubic polynomial, and a Gompertz model. Each alternative model contains four adjustable

parameters, so the models are directly comparable to one another. Since a linear model contains

11
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only two adjustable parameters, the alternative models naturally provide better fits. A comparison
of the models and their performance is given in Table 1.

The simplest piecewise-linear model of September SIE consists of a breakpoint between
2006 and 2007 and a linear fit on either side of the breakpoint. However, the slope of the best-fit
line to the years 2007-2024 is Sis-os = —0.099 x 10° km? per decade with standard deviation
0.20 x 10° km? per decade, which is statistically indistinguishable from zero, so a slope is
unnecessary. The best-fit constant (in the least-squares sense) is the mean value, which is 4.6 %
10% km?. The four parameters of the piecewise-linear model (shown in Figure 2) are then: the
location of the breakpoint, the slope and intercept of the linear fit to the left of the breakpoint,
and the constant fit (the mean) to the right of the breakpoint. This model is very simple to
understand and interpret: September SIE declined approximately linearly for the first 28 years,
then an unprecedented jolt hit in 2007 from which the SIE has never recovered. There has been
no long-term trend since that time.

The cubic polynomial model (shown in Figure S2) is continuous — there is no breakpoint
or jump in value. The idea is to see if a higher-order function can smoothly account for the large
drop in September SIE in 2007, followed by a period of no long-term trend. One drawback of
this model is the difficulty of explaining why the September SIE should evolve according to a
cubic function of time.

The Gompertz function was invented to model human mortality and has been used to
model the growth of animal populations, bacterial cells, and tumors (Gompertz function, 2024).
It has also been used to model the September SIE (Stroeve et al., 2014; Hamilton, 2015). The
Gompertz function has a sigmoid shape with slow growth (or decay) at the beginning and end,

and faster growth (or decay) in the middle. The idea of using this model is to see if the faster

12
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decay can be aligned with the drop in SIE in 2007, and the asymptotic value as t — oo matched
with the mean SIE during 2007-2024. Details of the Gompertz model are in the Supporting
Information, Text S2 and Figure S2.

Of the three alternative models considered here, the one with a discontinuity in 2007

performs the best (Table 1). This lends further weight to the idea of a regime shift in 2007.

Table 1. Comparison of different models of the September sea-ice extent (SIE). The root-mean-

square (RMS) value of the residuals (fourth column) is in units of 10° km?. The fraction of the

manuscript submitted to Geophysical Research Letters

variance of the SIE that is explained by the model is given in the fifth column.

Model Continuous? | Number of RMS of Fraction of
parameters residuals variance
Linear Yes 2 0.51 0.80
Piecewise-linear No 4 0.41 0.87
Cubic Yes 4 0.46 0.84
Gompertz Yes 4 0.45 0.85

13
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7. Discussion

We have shown that the September Arctic SIE underwent an abrupt, substantial, and
persistent change in 2007, meeting the definition of a regime shift given by Reid et al. (2015).
Before 2007, September SIE was declining approximately linearly. In September 2007, SIE had
its largest year-to-year drop (by a wide margin) in the entire 46-year satellite record (1979-2024).
Since 2007, September SIE has been approximately constant, i.e., no long-term trend.

The statistical evidence for a regime shift presented here calls for an explanation in terms
of physical processes. While it is beyond the scope of the present work to conduct such process
studies, e.g. with climate models, we can look to previous studies for insight. In the following,
we consider the three segments of the September SIE time series: the decline (1979-2006), the
extreme drop (2007), and the period of no long-term trend (2007-2024).

The decline of September SIE through 2006 was well documented at the time in
observations and models (e.g., Lemke et al., 2007), although the models tended to underestimate
the downward trend (Stroeve et al., 2007). More recently, Meehl et al. (2018) noted that the
linear rate of decline of Arctic SIE was steeper during 2000-2014 than during 1979-1999. Their
explanation is that “a combination of decadally varying tropical sea surface temperatures in the
Pacific and Atlantic drove seasonally dependent patterns of stronger surface winds and sea ice
drifts over the Arctic that produced accelerated decreases of Arctic sea ice concentrations after
2000.” We note that their later period (2000-2014) spans the huge drop in September SIE in 2007
that initiated the regime shift, as well as the record-low September SIE in 2012. Their results are
not inconsistent with ours because the trend in September SIE during 2000-2006 is about the

same as during 1979-2000. Their steeper slope during 2000-2014 is due to the low values of SIE

14
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from 2007 onward. In any case, the physical reason for the downward trend in Arctic SIE has
been confidently attributed to global warming caused by anthropogenic greenhouse gas
emissions (Fox-Kemper et al., 2021). Notz and Stroeve (2016) found that Arctic sea-ice loss is
linearly related to anthropogenic CO> emissions.

The physical basis for a regime shift in 2007 is explained by Sumata et al. (2023) in
reference to the sea-ice thickness: “The timing of the shift was preceded by a two-step reduction
in residence time of sea ice in the Arctic Basin, initiated first in 2005 and followed by 2007.”
And then, “After the shift, the fraction of thick and deformed ice dropped by half and has not
recovered to date.” Similar conclusions about sea-ice loss were reached by Babb et al. (2023):
the loss of multiyear ice (MY]) from the Arctic Ocean primarily occurred through stepwise
reductions in 1989 and in 2006-2008; the reduction in 2006-2008 was the result of high MYI
export and melt, and limited MYT replenishment. Maslanik et al. (2007) were the first to
comment on the record-low SIE in 2007, also tying it to reduced MYT as well as ice transport:
“Ice coverage in summer 2007 reached a record minimum, with ice extent declining by 42%
compared to conditions in the 1980s. The much-reduced extent of the oldest and thickest ice, in
combination with other factors such as ice transport that assist the ice-albedo feedback by
exposing more open water, help explain this large and abrupt ice loss.” The increase in the drift
speed of Arctic sea ice (Rampal et al., 2009) also factored into the explanation given by Nghiem
et al. (2007) for the significant reduction in perennial sea ice between March 2005 and March
2007. They found that a contributing mechanism was “ice loading into the Transpolar Drift (TD)
together with an acceleration of the TD carrying excessive ice out of Fram Strait.” For overviews
of the 2007 SIE minimum, see Stroeve et al. (2008) and Zhang et al. (2008). The above

observations clearly tie the record-low (at the time) SIE in September 2007 to the loss of MYT

15
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through export. This led to a regime shift in the sea-ice thickness (Sumata et al., 2023) and (we
contend) a regime shift in the September SIE as well. In addition, Livina and Lenton (2013)
found an abrupt and persistent increase in the amplitude of the seasonal cycle of sea ice starting
in 2007, which they termed a tipping point. This is further evidence that 2007 was a pivotal year
for Arctic sea ice.

The period of no long-term trend in the September SIE (2007-2024) has been noted by
other researchers. Meier and Stroeve (2022) wrote: “The Arctic sea ice cover has undergone
substantial changes in the past 40+ years, including decline in areal extent in all months
(strongest during summer), thinning, loss of multiyear ice cover, earlier melt onset and ice
retreat, and later freeze-up and ice advance. In the past 10 years, these trends have been further
reinforced, though the trends (not statistically significant at p<0.05) in some parameters (e.g.,
extent) over the past decade are more moderate.” In other words, they recognized that the trend
in Arctic SIE during approximately 2010-2020 was not significantly different from zero, but they
did not go so far as to call it a regime shitft.

The fact that September Arctic SIE shows no trend during 2007-2024 may at first seem
hard to explain. The Earth continues to warm, and the Arctic is warming faster than the global
average (IPCC, 2021). One possibility is that the recent period of no trend is just interdecadal
variability. Baxter et al. (2019) found that “observational and model evidence shows that the
changes in summer sea ice since the 2000s reflect a continuous anthropogenically forced melting
masked by interdecadal variability of Arctic atmospheric circulation. This variation is partially
driven by teleconnections originating from sea surface temperature (SST) changes in the east-
central tropical Pacific” and this “has contributed to accelerated warming and Arctic sea ice loss

from 2007 to 2012, followed by slower declines in recent years, resulting in the appearance of a
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slowdown over the past 11 years.” In other words, they argue that the appearance of a slowdown
in the decline of Arctic SIE since 2007 is due to interdecadal variability of Arctic atmospheric
circulation.

As noted above, Sumata et al. (2023) found that after the regime shift of 2007, “the
fraction of thick and deformed ice dropped by half and has not recovered to date.” The variance
of the sea-ice thickness also dropped abruptly in 2007 and has not recovered (their Figure 2),
signaling the transition to a more uniform ice cover. With the Arctic Ocean thus dominated by
first-year ice (confirmed also by Kwok, 2018), the SIE at the end of the summer melt season
would be dominated by the production, melt, and export of first-year ice since the previous fall.
Therefore, the September SIE during 2007-2024 may simply reflect the mean and year-to-year
variability of first-year ice in a steady state (Figure 2). The Arctic Oscillation index, a climate
index that characterizes the large-scale atmospheric circulation over the Arctic, has been in a
positive phase since mid-2011 (NOAA Climate Prediction Center, 2024), which indicates lower
than average air pressure over the Arctic (NOAA Climate.gov, 2024), driving a cyclonic
circulation pattern in the Arctic Ocean with a lag of about one year (Morison et al., 2021). The
persistence of this cyclonic mode in the ocean may be contributing to the steady state of the
September SIE. This is similar to the argument made in the previous paragraph that the lack of
trend in September SIE is due to interdecadal variability of Arctic atmospheric circulation.

Lindsay and Zhang (2005) proposed a three-stage framework for understanding the
record or near-record lows in summer SIE in the years 2002-2005 that is partially applicable to
2007 and beyond. First, the sea ice was “pre-conditioned” through a gradual reduction in
thickness during the late 1980s and 1990s. Second, a temporary change in atmospheric

circulation embodied in two climate indexes, the Arctic Oscillation and the Pacific Decadal
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Oscillation, provided the “trigger” that caused older, thicker sea ice to be flushed out the Arctic
basin, resulting in an increase in the summer open water extent. Third, the positive ice-albedo
feedback perpetuated and amplified the shift toward more summer open water and thinner ice.
The feedback continued to drive the thinning of the sea ice even after the climate indexes
returned to near-normal values in the late 1990s. The first and second stages of this framework
apply equally well to the September SIE through 2007. The pre-conditioning stage was the
thinning and areal reduction of 1979-2006. The trigger was the huge decline in 2007 caused by
the export of ice from the Arctic basin. But annual declines have not been sustained (on average)
in the post-2007 period, suggesting that the ice-albedo feedback has not been dominating the
evolution of the ice cover.

Whatever the reason for the near-zero trend during 2007-2024, Arctic SIE is predicted to
continue declining due to increasing global average air temperature caused by anthropogenic
greenhouse gas emissions (Fox-Kemper et al., 2021). Based on global climate models, there is
“high confidence that the Arctic Ocean will /ikely become practically sea ice free in the
September mean for the first time ... before the year 2050 in all emissions scenarios (Fox-
Kemper et al., 2021). Thus, we would expect to see either a resumption of a steady decline in
September SIE or a step-wise reduction through regime shifts facilitated by a younger and
thinner ice pack that is more sensitive to external atmospheric forcing, whose decadal variability

may also play a role.
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Data availability

The data in Fetterer et al. (2017) are available from https://doi.org/10.7265/N5K072F8
An alternate URL is https://nsidc.org/data/g02135/versions/3
A direct link to September Arctic SIE data is:

https://noaadata.apps.nsidc.org/NOAA/G02135/north/monthly/data/N 09 extent v3.0.csv
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Key Points

A regime shift occurred in 2007 in the September Arctic sea-ice extent, from a downward trend

(1979-2006) to no trend (2007-2024).

The period of no trend is inconsistent with a linear model of decline during 1979-2024, so an

alternative description should be used.

Abstract

A regime shift is an abrupt, substantial, and persistent change in the state of a system. We show
that a regime shift in the September Arctic sea-ice extent (SIE) occurred in 2007. Before 2007,
September SIE was declining approximately linearly. In September 2007, SIE had its largest
year-to-year drop (by a wide margin) in the entire 46-year satellite record (1979-2024). Since
2007, September SIE has been approximately constant, i.e., no long-term trend. The regime shift

in 2007 was caused by significant export and melt of older and thicker sea ice over the previous
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2 to 3 years, as documented in other studies. We test alternatives to the traditional linear model of

declining September SIE, and discuss possible explanations for the lack of a trend since 2007.

Plain Language Summary

The Arctic Ocean freezes in winter and melts back in summer, but not completely — some sea ice
always remains in the ocean at the end of the melt season in September. However, the area of
that remaining sea ice has greatly declined since satellites began monitoring it in 1979. We show
that the decline of September sea-ice area has not been steady over the years, as it is commonly
portrayed. After declining from 1979 to 2006, there was a huge loss of sea ice in September
2007, followed by 18 years of ups and downs but no long-term trend. We say that a regime shift
occurred in 2007 because the behavior of the September sea-ice area changed from declining to
stable. We propose a simplified way of looking at the 46-year record of September sea-ice area,

and we discuss possible explanations for the lack of a trend since 2007.
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1. Introduction

Sea ice in the Arctic Ocean goes through an annual cycle of growth in winter and melt in
summer. The area covered by sea ice in the Arctic Ocean has declined in all months of the year
since the beginning of the satellite record in 1979, and its thickness has also declined (Fox-
Kemper et al., 2021; Meier and Stroeve, 2022). Sumata et al. (2023) recently documented a
regime shift in Arctic sea-ice thickness in 2007, from a thicker and more deformed ice cover to a
thinner and more uniform ice cover. We show that a regime shift in Arctic sea-ice extent also
occurred in 2007. A regime shift is an abrupt, substantial, and persistent change in the state of a
system (Reid et al., 2015).

Sea-ice concentration (SIC) is the fraction of an area that is covered by sea ice. Gridded
SIC data products are regularly produced from spaceborne passive microwave sensors with grid
sizes ranging from 3.125 x 3.125 km (e.g. Spreen et al., 2008) to 25 x 25 km (e.g. DiGirolamo et
al., 2022). Sea-ice extent (SIE) is defined as the total area of all grid cells with SIC greater than
15%.

Arctic SIE reaches its annual minimum in September. From 1979 to 2024, the linear trend
in September SIE is —0.78 x 10° km? per decade (Figure 1) with standard deviation 0.058 x 10°
km? per decade. The trend may also be expressed as —12.1% per decade (with standard deviation
0.9% per decade) relative to the mean September SIE of 6.4 x 10° km? as calculated over the 30-
year base period 1981-2010 (Fetterer et al., 2017). However, we show that the September SIE

abruptly changed behavior in 2007 from a downward trend to approximately constant in time.
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2. Data

We use the monthly average September Arctic SIE from the Sea Ice Index produced by
the National Snow and Ice Data Center (NSIDC) (Fetterer et al., 2017). The Sea Ice Index is
derived from satellite passive microwave data (DiGirolamo et al., 2022) with grid size
approximately 25 x 25 km. It is updated periodically to include the most recent satellite data.
Values of September Arctic SIE for 1979-2024 are plotted in Figure 1.

We use the Sea Ice Index because the documentation states: “The ... data are produced in
a consistent way that makes the Index time-series appropriate for use when looking at long-term

trends in sea ice cover.” (Fetterer et al., 2017).
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September Arctic Sea—Ice Extent

1880 19380 2000 2010 2020
Year

Figure 1. September Arctic sea-ice extent (blue dots, in units of 10° km?) from the NSIDC Sea
Ice Index (Fetterer et al., 2017). The linear least-squares fit is shown in red with slope —0.78 X

10° km? per decade.
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3. Plausibility of a regime shift

Several factors point to the plausibility of a regime shift in the September SIE in 2007.

(1) As noted above, Sumata et al. (2023) found a regime shift in sea-ice thickness in 2007,
from a thicker and more deformed ice cover to a thinner and more uniform ice cover. This opens
the possibility of a change in the characteristic behavior of SIE as well, because a thinner ice
cover is more susceptible to melt away by the end of summer (e.g., Lindsay and Zhang, 2005).

(1) The largest year-to-year decline in September SIE occurred in 2007 with a loss of 1.6
x 10° km? from the previous year. The next largest declines occurred in 1993 and 1995 with
losses of 1.1 x 10° km? from the previous year in both cases. Thus, the loss of area in 2007 was
45% greater than the next largest loss. In terms of percentage change from the previous year, the
largest decline again occurred in 2007 with a drop of 27%. The next largest decline occurred in
2012, when a record-low SIE was set, with a drop of 22%. The declines in 1993 and 1995 were
14% and 15%, respectively. Thus, the percentage decline in 2007 again stands out as exceptional.

(1i1) Consider partitioning the time series of September SIE into periods before and after a
breakpoint T. Since there are 46 years in the time series, there are 45 possible breakpoints
between years. For a given breakpoint T, find the minimum value of September SIE for the years
before T (call it MIN), and the maximum value of September SIE for the years after T (call it
MAX). Is it ever the case that MAX < MIN? The answer is yes, but only when T is between
2006 and 2007. That is the only breakpoint T in the time series for which all the values after T
are less than all the values before T. This is illustrated in Figure 2 by the vertical and horizontal
dotted lines. This indicates that the September SIE has never recovered from the jolt it received

in 2007.
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September Arctic Seo—lce Extent
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Figure 2. The same data as in Figure 1. The vertical dotted line between 2006 and 2007 marks
the regime shift or breakpoint. The horizontal dotted line (at about 5.4 x 10° km?) has the
property that all the data values before the breakpoint are above the line and all the data values
after the breakpoint are below the line. The only place in the time series where a horizontal line
with that property can be drawn is for the breakpoint between 2006 and 2007. The linear least-
squares fit for 1979-2006 is shown in red with slope —0.55 x 10% km? per decade. The mean sea-

ice extent for 2007-2024 is also shown in red with value 4.63 x 10° km?.
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4. Detection of a regime shift

Rodionov (2004) presented an algorithm for detecting regime shifts in climate time series
such as the Pacific Decadal Oscillation that have no long-term trend. The algorithm detects
significant changes in the running mean of the time series using Student’s t-test. The user must
supply a parameter called the cut-off length, L, which is the minimum length of a regime.
Although the algorithm is designed for time series with no long-term trend, Rodionov (2004)
showed that it also works when a long-term trend is present (his Table 1). Sumata et al. (2023)
used Rodionov’s method for detecting a regime shift in sea-ice thickness, using a cut-off length
of L =7 years.

We first experimented with Rodionov’s method on a time series of length 46 with values
drawn from a normal distribution with zero mean and unit variance. We found that when the
significance level of the t-test was set to p=0.05 the method detected spurious regime shifts for
cut-off lengths L > 7, but when p=0.01 no such spurious regime shifts were detected. We
therefore used p=0.01 in our application of the method to the September SIE time series.

We found that Rodionov’s method detects a regime shift in the September SIE time series
in 2007 for all values of the cut-off length L from 5 to 15 years. Additional regime shifts are also
detected when L > 9 years. Note that in a time series with a long-term trend, as the cut-off length
L increases, more and more of the running variability is in the trend as opposed to the
fluctuations around the trend. For that reason, a shift in the running mean becomes more and
more likely as L increases, which likely explains the additional regime shifts that are detected

when L > 9 years.
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Rodionov’s method of regime shift detection depends on the significance level of the t-
test and on the cut-off length L. It also assumes that the running variance of the time series, as
calculated over segments of length L, does not change much over the entire time series. Although
Rodionov’s method does detect a regime shift in the September SIE in 2007, we would like to
find a method that does not depend on tunable parameters and that tests the specific hypothesis

of a regime shift in 2007 rather than searching for regime shifts in all possible years.

5. Bootstrap simulation

The full 46-year September SIE time series has a best-fit slope of Ss.0s = —0.78 x 10°
km? per decade, and yet the last 18 years of the time series (2007-2024) has a best-fit slope of
only Sig-oss = —0.099 x 10° km? per decade. Motivated by Figures 1 and 2 and the results of
Sections 3 and 4, we want to determine how unusual that slope difference is. Specifically, we
assume that the observed 46-year time series is well described by a linear model with slope Sse-
o.s plus residuals, and we ask how unusual it is for the final 18 years of that time series to have a
best-fit slope of Sig-ops. The null hypothesis (Ho) is that the observed slope Sis-oBs is consistent
with the 46-year linear model plus residuals. The alternative hypothesis (H1) is that Sis-oss is not
consistent with that model.

To test the hypotheses, we conduct a bootstrap simulation with the following general
outline: Construct a large number of synthetic 46-year time series based on the same “linear
model plus residuals” as the original time series; for each synthetic time series, calculate the
slope of the final 18 years, creating a distribution of final 18-year slopes; compare the final 18-

year slope of the original time series (Sis-oss) to the distribution of synthetically derived slopes;
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if S1g-0Bs lies in the outer 1% of the distribution, then reject Ho and accept Hi; otherwise, do not
reject Ho.

The specific steps are as follows:

(1) Subtract the best-fit linear model of the 46-year September SIE time series (see Figure
1) from the time series itself to obtain residuals with zero mean.

(i1) Test whether the lag-1 autocorrelation of the residuals is significantly different from
zero or not, using the Durbin-Watson test (see Supporting Information, Text S1). The result is
that the lag-1 autocorrelation is not significantly different from zero, which means that the
bootstrap simulation does not need to account for autocorrelation in the residuals.

(i11)) Randomly permute the order of the residuals and then add them back to the original
linear model to create a new (synthetic) time series. Calculate the best-fit slope for the full 46-
year synthetic time series (call it S4¢) and the best-fit slope for the final 18 years (call it Sis).
Note that the slope S4¢ will be nearly the same as the slope of the original time series, but not
exactly the same, because the order of the residuals affects the least-squares fitting. For example,
a large anomaly near the middle of a time series has very little influence on the least-squares
slope, while the same anomaly at the end of the time series has a larger influence. For that
reason, S46 and Sis are both calculated and saved. Nevertheless, the synthetic time series has
nearly the same 46-year least-squares slope and residuals as the original time series. The real
quantity of interest is the slope of the final 18 years, Sis.

(iv) Repeat step (iii) 10,000 times to obtain a distribution of Sis and a distribution of Se.
The resulting 10,000 pairs of numbers are plotted in Figure S1, with Sig on the X-axis and S46 on

the Y-axis.

10
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The first point to note in Figure S1 is that the distribution of S46 is very narrow: its
standard deviation (0.057 x 10° km? per decade) is only 7% of the magnitude of its mean value
(0.78 x 10° km? per decade). This shows that most of the synthetic time series have nearly the
same least-squares slope as the original time series, and therefore nearly the same residuals (but
in a different order). Thus, the pool of 10,000 synthetic time series is representative of the
original time series for the purpose of the bootstrap simulation.

The second point to note in Figure S1 is that the observed value of the final 18-year slope
(Sis-0Bs = —0.099 x 10 km? per decade) is at the far extreme edge of the distribution of Ss: only
16 out of 10,000 values are larger than Sis.ops. The standard deviation of S;g is 0.23 x 10° km?
per decade, so Sis.oBs exceeds the mean of Sig by 2.9 standard deviations. At the other end of the
distribution, only 13 out of 10,000 values are more than 2.9 standard deviations smaller than the
mean of Sig. Taken together, only 0.3% of the simulated slopes Sig are more extreme than the
observed value Sis.os. Therefore, we reject the null hypothesis and conclude that a linear model
is not appropriate for the 46-year time series of September SIE because the trend over the final

18 years is not consistent with such a model.

6. Alternatives to the linear model

In light of the results in the previous section, we consider several alternatives to a linear

model of September SIE: a piecewise-linear model with a breakpoint between 2006 and 2007, a

cubic polynomial, and a Gompertz model. Each alternative model contains four adjustable

parameters, so the models are directly comparable to one another. Since a linear model contains
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only two adjustable parameters, the alternative models naturally provide better fits. A comparison
of the models and their performance is given in Table 1.

The simplest piecewise-linear model of September SIE consists of a breakpoint between
2006 and 2007 and a linear fit on either side of the breakpoint. However, the slope of the best-fit
line to the years 2007-2024 is Sis-os = —0.099 x 10° km? per decade with standard deviation
0.20 x 10° km? per decade, which is statistically indistinguishable from zero, so a slope is
unnecessary. The best-fit constant (in the least-squares sense) is the mean value, which is 4.6 %
10% km?. The four parameters of the piecewise-linear model (shown in Figure 2) are then: the
location of the breakpoint, the slope and intercept of the linear fit to the left of the breakpoint,
and the constant fit (the mean) to the right of the breakpoint. This model is very simple to
understand and interpret: September SIE declined approximately linearly for the first 28 years,
then an unprecedented jolt hit in 2007 from which the SIE has never recovered. There has been
no long-term trend since that time.

The cubic polynomial model (shown in Figure S2) is continuous — there is no breakpoint
or jump in value. The idea is to see if a higher-order function can smoothly account for the large
drop in September SIE in 2007, followed by a period of no long-term trend. One drawback of
this model is the difficulty of explaining why the September SIE should evolve according to a
cubic function of time.

The Gompertz function was invented to model human mortality and has been used to
model the growth of animal populations, bacterial cells, and tumors (Gompertz function, 2024).
It has also been used to model the September SIE (Stroeve et al., 2014; Hamilton, 2015). The
Gompertz function has a sigmoid shape with slow growth (or decay) at the beginning and end,

and faster growth (or decay) in the middle. The idea of using this model is to see if the faster
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decay can be aligned with the drop in SIE in 2007, and the asymptotic value as t — oo matched
with the mean SIE during 2007-2024. Details of the Gompertz model are in the Supporting
Information, Text S2 and Figure S2.

Of the three alternative models considered here, the one with a discontinuity in 2007

performs the best (Table 1). This lends further weight to the idea of a regime shift in 2007.

Table 1. Comparison of different models of the September sea-ice extent (SIE). The root-mean-

square (RMS) value of the residuals (fourth column) is in units of 10° km?. The fraction of the

manuscript submitted to Geophysical Research Letters

variance of the SIE that is explained by the model is given in the fifth column.

Model Continuous? | Number of RMS of Fraction of
parameters residuals variance
Linear Yes 2 0.51 0.80
Piecewise-linear No 4 0.41 0.87
Cubic Yes 4 0.46 0.84
Gompertz Yes 4 0.45 0.85
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7. Discussion

We have shown that the September Arctic SIE underwent an abrupt, substantial, and
persistent change in 2007, meeting the definition of a regime shift given by Reid et al. (2015).
Before 2007, September SIE was declining approximately linearly. In September 2007, SIE had
its largest year-to-year drop (by a wide margin) in the entire 46-year satellite record (1979-2024).
Since 2007, September SIE has been approximately constant, i.e., no long-term trend.

The statistical evidence for a regime shift presented here calls for an explanation in terms
of physical processes. While it is beyond the scope of the present work to conduct such process
studies, e.g. with climate models, we can look to previous studies for insight. In the following,
we consider the three segments of the September SIE time series: the decline (1979-2006), the
extreme drop (2007), and the period of no long-term trend (2007-2024).

The decline of September SIE through 2006 was well documented at the time in
observations and models (e.g., Lemke et al., 2007), although the models tended to underestimate
the downward trend (Stroeve et al., 2007). More recently, Meehl et al. (2018) noted that the
linear rate of decline of Arctic SIE was steeper during 2000-2014 than during 1979-1999. Their
explanation is that “a combination of decadally varying tropical sea surface temperatures in the
Pacific and Atlantic drove seasonally dependent patterns of stronger surface winds and sea ice
drifts over the Arctic that produced accelerated decreases of Arctic sea ice concentrations after
2000.” We note that their later period (2000-2014) spans the huge drop in September SIE in 2007
that initiated the regime shift, as well as the record-low September SIE in 2012. Their results are
not inconsistent with ours because the trend in September SIE during 2000-2006 is about the

same as during 1979-2000. Their steeper slope during 2000-2014 is due to the low values of SIE
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from 2007 onward. In any case, the physical reason for the downward trend in Arctic SIE has
been confidently attributed to global warming caused by anthropogenic greenhouse gas
emissions (Fox-Kemper et al., 2021). Notz and Stroeve (2016) found that Arctic sea-ice loss is
linearly related to anthropogenic CO> emissions.

The physical basis for a regime shift in 2007 is explained by Sumata et al. (2023) in
reference to the sea-ice thickness: “The timing of the shift was preceded by a two-step reduction
in residence time of sea ice in the Arctic Basin, initiated first in 2005 and followed by 2007.”
And then, “After the shift, the fraction of thick and deformed ice dropped by half and has not
recovered to date.” Similar conclusions about sea-ice loss were reached by Babb et al. (2023):
the loss of multiyear ice (MY]) from the Arctic Ocean primarily occurred through stepwise
reductions in 1989 and in 2006-2008; the reduction in 2006-2008 was the result of high MYI
export and melt, and limited MYT replenishment. Maslanik et al. (2007) were the first to
comment on the record-low SIE in 2007, also tying it to reduced MYT as well as ice transport:
“Ice coverage in summer 2007 reached a record minimum, with ice extent declining by 42%
compared to conditions in the 1980s. The much-reduced extent of the oldest and thickest ice, in
combination with other factors such as ice transport that assist the ice-albedo feedback by
exposing more open water, help explain this large and abrupt ice loss.” The increase in the drift
speed of Arctic sea ice (Rampal et al., 2009) also factored into the explanation given by Nghiem
et al. (2007) for the significant reduction in perennial sea ice between March 2005 and March
2007. They found that a contributing mechanism was “ice loading into the Transpolar Drift (TD)
together with an acceleration of the TD carrying excessive ice out of Fram Strait.” For overviews
of the 2007 SIE minimum, see Stroeve et al. (2008) and Zhang et al. (2008). The above

observations clearly tie the record-low (at the time) SIE in September 2007 to the loss of MYT
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through export. This led to a regime shift in the sea-ice thickness (Sumata et al., 2023) and (we
contend) a regime shift in the September SIE as well. In addition, Livina and Lenton (2013)
found an abrupt and persistent increase in the amplitude of the seasonal cycle of sea ice starting
in 2007, which they termed a tipping point. This is further evidence that 2007 was a pivotal year
for Arctic sea ice.

The period of no long-term trend in the September SIE (2007-2024) has been noted by
other researchers. Meier and Stroeve (2022) wrote: “The Arctic sea ice cover has undergone
substantial changes in the past 40+ years, including decline in areal extent in all months
(strongest during summer), thinning, loss of multiyear ice cover, earlier melt onset and ice
retreat, and later freeze-up and ice advance. In the past 10 years, these trends have been further
reinforced, though the trends (not statistically significant at p<0.05) in some parameters (e.g.,
extent) over the past decade are more moderate.” In other words, they recognized that the trend
in Arctic SIE during approximately 2010-2020 was not significantly different from zero, but they
did not go so far as to call it a regime shitft.

The fact that September Arctic SIE shows no trend during 2007-2024 may at first seem
hard to explain. The Earth continues to warm, and the Arctic is warming faster than the global
average (IPCC, 2021). One possibility is that the recent period of no trend is just interdecadal
variability. Baxter et al. (2019) found that “observational and model evidence shows that the
changes in summer sea ice since the 2000s reflect a continuous anthropogenically forced melting
masked by interdecadal variability of Arctic atmospheric circulation. This variation is partially
driven by teleconnections originating from sea surface temperature (SST) changes in the east-
central tropical Pacific” and this “has contributed to accelerated warming and Arctic sea ice loss

from 2007 to 2012, followed by slower declines in recent years, resulting in the appearance of a
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slowdown over the past 11 years.” In other words, they argue that the appearance of a slowdown
in the decline of Arctic SIE since 2007 is due to interdecadal variability of Arctic atmospheric
circulation.

As noted above, Sumata et al. (2023) found that after the regime shift of 2007, “the
fraction of thick and deformed ice dropped by half and has not recovered to date.” The variance
of the sea-ice thickness also dropped abruptly in 2007 and has not recovered (their Figure 2),
signaling the transition to a more uniform ice cover. With the Arctic Ocean thus dominated by
first-year ice (confirmed also by Kwok, 2018), the SIE at the end of the summer melt season
would be dominated by the production, melt, and export of first-year ice since the previous fall.
Therefore, the September SIE during 2007-2024 may simply reflect the mean and year-to-year
variability of first-year ice in a steady state (Figure 2). The Arctic Oscillation index, a climate
index that characterizes the large-scale atmospheric circulation over the Arctic, has been in a
positive phase since mid-2011 (NOAA Climate Prediction Center, 2024), which indicates lower
than average air pressure over the Arctic (NOAA Climate.gov, 2024), driving a cyclonic
circulation pattern in the Arctic Ocean with a lag of about one year (Morison et al., 2021). The
persistence of this cyclonic mode in the ocean may be contributing to the steady state of the
September SIE. This is similar to the argument made in the previous paragraph that the lack of
trend in September SIE is due to interdecadal variability of Arctic atmospheric circulation.

Lindsay and Zhang (2005) proposed a three-stage framework for understanding the
record or near-record lows in summer SIE in the years 2002-2005 that is partially applicable to
2007 and beyond. First, the sea ice was “pre-conditioned” through a gradual reduction in
thickness during the late 1980s and 1990s. Second, a temporary change in atmospheric

circulation embodied in two climate indexes, the Arctic Oscillation and the Pacific Decadal
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Oscillation, provided the “trigger” that caused older, thicker sea ice to be flushed out the Arctic
basin, resulting in an increase in the summer open water extent. Third, the positive ice-albedo
feedback perpetuated and amplified the shift toward more summer open water and thinner ice.
The feedback continued to drive the thinning of the sea ice even after the climate indexes
returned to near-normal values in the late 1990s. The first and second stages of this framework
apply equally well to the September SIE through 2007. The pre-conditioning stage was the
thinning and areal reduction of 1979-2006. The trigger was the huge decline in 2007 caused by
the export of ice from the Arctic basin. But annual declines have not been sustained (on average)
in the post-2007 period, suggesting that the ice-albedo feedback has not been dominating the
evolution of the ice cover.

Whatever the reason for the near-zero trend during 2007-2024, Arctic SIE is predicted to
continue declining due to increasing global average air temperature caused by anthropogenic
greenhouse gas emissions (Fox-Kemper et al., 2021). Based on global climate models, there is
“high confidence that the Arctic Ocean will /ikely become practically sea ice free in the
September mean for the first time ... before the year 2050 in all emissions scenarios (Fox-
Kemper et al., 2021). Thus, we would expect to see either a resumption of a steady decline in
September SIE or a step-wise reduction through regime shifts facilitated by a younger and
thinner ice pack that is more sensitive to external atmospheric forcing, whose decadal variability

may also play a role.
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Data availability

The data in Fetterer et al. (2017) are available from https://doi.org/10.7265/N5K072F8
An alternate URL is https://nsidc.org/data/g02135/versions/3
A direct link to September Arctic SIE data is:

https://noaadata.apps.nsidc.org/NOAA/G02135/north/monthly/data/N 09 extent v3.0.csv
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Introduction
Text S1 and Figure S1 are referenced in Section 5 of the main text.

Text S2 and Figure S2 are referenced in Section 6 of the main text.

Text S1. Durbin-Watson test

Figure 1 (main text) shows the time series of September Arctic SIE (blue dots) and the best-fit
linear model (red line). Subtracting the SIE from the linear model leaves a time series of
residuals. In Section 5, we stated that the lag-1 autocorrelation of the residuals is not
significantly different from zero. That result comes from applying the Durbin-Watson test, which
specifically tests whether the residuals from ordinary least-squares regression are autocorrelated

or not (Savin and White, 1977).



Let the residuals be denoted by 7; for j=1 to n where n=46 in our case. The test statistic is

Z?:Z(rj - 7}'—1)2

n 2
j=1Tj

d=

which is approximately 2(1—p) where p is the lag-1 autocorrelation. The test statistic d can have
values between 0 and 4. A value of d = 2 means there is no autocorrelation. A value substantially
below 2 means the data are positively autocorrelated. A value substantially above 2 means the

data are negatively autocorrelated.

The test statistic is compared to values in the Durbin-Watson tables (see Savin and White (1977)
for tables). For the significance levels a = 0.01 and o = 0.05, and the sample size n, and the
number of regressors k (excluding the intercept term), the tables give lower and upper critical

values, denoted by dL and dU.

The null hypothesis is that the autocorrelation is indistinguishable from zero. To test the
alternative hypothesis that the autocorrelation is positive:

If d < dL then reject the null hypothesis and accept that the autocorrelation is positive.
If d > dU then do not reject the null hypothesis.

If dL < d < dU then the test is inconclusive.

The tables have rows for sample sizes 45 and 50 but not for 46. The user is instructed to use the
next lowest sample size, namely #n=45 in our case. The number of regressors (excluding the

2



intercept term) is k=1 (i.e., the slope of the regression line). The lower and upper critical values
from the tables are:
For a=0.01, dL = 1.288 and dU = 1.376

For a=0.05, dL = 1.475 and dU = 1.566

In our case, the test statistic is d = 1.668, so we do not reject the null hypothesis even for the less
stringent value of a. In other words, the lag-1 autocorrelation of the residuals (which is 0.148 in

our case) is not significantly different from zero.

Text S2. Gompertz model

The Gompertz function is given by f(t) = a * exp(—b * exp(—ct)) where ¢ is time and a, b, c are
parameters. At /=0, f(0) = a * exp(—b) which is very close to zero when b is large. In the limit as ¢
goes to infinity, f{#) approaches a. By choosing a < 0 and b large, the function f{¢) decays from 0

to a. By adding a constant to f{¢) we can make it fit the September SIE time series:

AD) =fo+a* exp(=b * exp(—ct))

where ¢ is measured in years, =0 corresponds to 1979, and =45 corresponds to 2024. The
constant f; is approximately equal to the September SIE in 1979, in units of 10 km?. The
constant a is approximately equal to the change in September SIE from 1979 to 2024, in units of
10° km?. As an initial approximation, we set fo = 7.1 and a = —2.5 so that as t — oo, {t) — fo + a

=7.1 +(-2.5) = 4.6, which is equal to the mean September SIE during 2007-2024.



The constant ¢ should be chosen such that exp(—ct) is small when =45 (year 2024). With ¢ =

0.15 we have exp(—0.15*%45) = 0.001, which is sufficiently small.

The growth rate (or decay rate) of the Gompertz model is df/dz, so the time of maximum decay
rate can be found by solving d?f/d¢* = 0 for ¢. The result is fmax = In(b)/c. If we want fmax to
correspond to the year 2007 or earlier, then #max <28 so In(b) <28 * 0.15=4.2 or b <67. We

select b =40 as an initial guess.

Now that we have initial estimates of all four parameters, we can use an iterative method to find
the parameter values that minimize the root-mean-square (RMS) difference between the
September SIE and the Gompertz model (i.e., the residuals). The resultis: fo=7.1,a=-2.7, b=
33, ¢ = 0.16, yielding a Gompertz model with RMS residual 0.45 x 10° km? (Table 1). The

Gompertz model is shown in Figure S2.



Bootstrap Simulation
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Figure S1. Result of the bootstrap simulation with 10,000 realizations (blue dots). The X-axis is
the slope of the best-fit line to the final 18 years of the synthetic time series (Sig). The Y-axis is
the slope of the best-fit line to the full 46-year synthetic time series (S46). The red dot marks the
values for the observed September sea-ice extent: X = —0.099 x 10° km? per decade for the final
18-year slope, and Y = —0.78 x 10% km? per decade for the full 46-year slope. The red ellipses are
1, 2, and 3 standard deviations from the mean of the distributions. The ellipses are slightly tilted
because a relatively large (or small) value of S46 tends to be accompanied by a relatively large (or

small) value of Sis. Notice that the red dot is at the far extreme edge of the distribution of Sis,



indicating that the slope of the final 18 years of the observed September sea-ice extent is not

consistent with a linear model of the full 46-year September sea-ice extent.

September Arctic Sea—Ice Extent
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Figure S2. September Arctic sea-ice extent (blue dots, in units of 10° km?) from the NSIDC Sea
Ice Index (Fetterer et al., 2017). The best-fit Gompertz function is shown in red, and the best-fit

cubic polynomial is shown in green.



