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What is sea ice?

NASA/Goddard Space Flight Center Scientific Visualization Studio


https://docs.google.com/file/d/11JpCLAQXRTCfDU6oBDOFqfKdoLMZxr-V/preview

Since 2016, Antarctic sea ice has been unusually low
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Has the Antarctic sea ice system suddenly changed ?
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Has the Antarctic sea ice system suddenly changed ?

Structural change: statistical change in a stochastic process, including
changes in mean state, variability or persistence (Raphael et al., 2025).

+ changes in the tail of the distribution



Questions

1. How unusual are the recent records?

2. lIs the recent sea ice decline spatially uniform, or does it reflect
heterogeneous regional behavior?
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2. Modeling Minima



Modeling block minima

/Generalized Extreme-value Distribution (GEV) for minima:

G(x):{1_eXp{_[l_f(x—ﬂ)/U]+1/§}, £ 40
1 —exp{—exp(x—pn)/o}, £ =0,

o

The GEV has three parameters:
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Modeling block minima

/Generalized Extreme-value Distribution (GEV) for minima:

G(x):{1_eXp{_[l_f(x—u)/0]+l/§}, £ 40
1 —exp{—exp(x—pn)/o}, £ =0,

o

The GEV has three parameters:

e u the location parameter — controls the center

e o the scale parameter —  controls the spread




Modeling block minima

/Generalized Extreme-value Distribution (GEV) for minima: \
_ 1 — _ —1/¢
PR L S U O e A
1 —exp{—exp(z—p) /o), £=0,

o )

The GEV has three parameters:

e u the location parameter — controls the center

e o the scale parameter —  controls the spread

e (the shape parameter —~ controls the tail and define the support



We consider 5 GEV models

(3) Linear location

(1) Stationary (2) Linear location & log-scale
= o po= po + it p= o + pat
o =0y o =0y log(c) = 09 + o1t

+2 breakpoint models :



We consider 5 GEV models

(1) Stationary

H = Ho
O = Oy

+2 breakpoint models :

Breakpoint estimated
via profile likelihood

(2) Linear location (3) Linear location

& log-scale
P = o + pat o= po + piat
o = 0y log(o) = g + o1t

(5) Piecewise
linear location
& linear log-scale

(4) Piecewise
linear location

= po+ pat + po(t — 6)Lpssy B = po + pat + pa(t — 0)1>s)
o =0y log(o) = 09 + o1t



Selecting the best model

i #parameters
Bayesian
Information Likelihood #observations
Criterion i |

A

BIC = —2In (L) + k1n (n)

Quality  Complexity
of the fit

Pick model with the lowest BIC
If |JABIC|<5 between the best-fitting model and its nested model,
perform a likelihood-ratio test at the 5% significance level.

N —



3. Probabilities of the records



Sea Ice Data

Ocean and Sea Ice Satellite Application Facility
(OSI-SAF) data :

- Grid of 25km spatial resolution
- Sea Ice Concentration (SIC) = % of a cell covered . Antarctica

by sea ice 4
- Period: 1979 - 2025 (daily observations) ey

Antarctica

Sea Ice Extent (SIE): total area of at
least 15% Sea lIce Concentration

252, lf SIC(CGH) Z 15% median ice edge 1981-2010

0, otherwise

SIE(cell) = {



No abrupt change detected, but the variance of sea ice minima
has increased
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No abrupt change detected, but the variance of sea ice minima

has increased
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The recent records are not so unusual given the higher
variability
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4. Partitioning the Southern Ocean



Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:



Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions : =
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Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions ,
2. Compute the pairwise distance between all
regions.
3.
4,
(0%

Dy = SB[ Fe(Ys) = Fio (Vi) || + (1 = @)wp
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F-madogram distance Angular distance

Measures minima dependence Penalizes distant regions



Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions
2. Compute the pairwise distance between all

regions.
3. Merge the two regions with the smallest
distance
4.
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Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions

2. Compute the pairwise distance between all
regions.

3. Merge the two regions with the smallest
distance

4. Recompute the annual minima of the newly
created region and update the pairwise
distance matrix

Partition at Iteration 0 - 72 Regions
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Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions

2. Compute the pairwise distance between all
regions.

3. Merge the two regions with the smallest
distance

4. Recompute the annual minima of the newly
created region and update the pairwise
distance matrix

5. Repeat step 2-4 until only one region remain

Partition at Iteration 0 - 72 Regions
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Selecting the size of the partition

1.0 4

0.8 1

Distance ‘
(D) 0.6 N=7
D=0.4557

0.4 1

0.0 1

350 300 250 200 150 100 50 0

Numbers of clusters (N)



Selecting the size of the partition

Distance
(D) 0.6 1 N=7 p
D=0.4557 Amundsen/
Bellingshausen
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5. Regional Changes



Weddell Sea: modest positive trend in the location

SIE (10° km?)

| | | | |
°

10 12 14 16 18 20

— Location parameter
95% ClI

— — Lower bound
Lower bound 95% Cl



Amundsen/Bellingshausen: stable location and increasing

scale since 1991
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East Ross Sea: persistent decline since 1985
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West Ross/Somos Seas: a 2013 breakpoint marks the
onset of rapid decline
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No changes detected in East Antarctic
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Conclusions

1. No structural break is identified in the circumpolar sea ice minima, but their
variance has increased.
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Conclusions

1. No structural break is identified in the circumpolar sea ice minima, but their
variance has increased.

2. The 2023 record had a 7% probability when it happened. The probabilities of
most of the other records range from 10-16%.

3. Regional changes in the summer minima are confined in the West part of the
Southern Ocean. They are characterised by opposite trends, with some
experiencing increasing variance and sudden change.
The most recent sudden change detected is in 2013 in the West Ross/Somos
Seas region.



Thank you!
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Block minima and block maxima duality
There is a duality between block minima and block maxima distributions:

M, = min(Xy,...,X,) = —max(—Xq,...,—X,)

Defining Y, := —X;

P[M, <z]=1- Pmax(Yy,...,Y,) < —z]~1—-Gy(—x)

where (Gy is a GEV whose parameters are obtained by fitting block maxima
of Yl,...,Yn.



The difficulties with rare events modeling

- Standard methods are optimized for the bulk of the data, not the tail
- Tail probabilities are systematically underestimated




Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions §
2. Compute the pairwise distance between all *E,
regions. ﬁ
3. Merge the two regions with the smallest 4;—")
distance 35

4. Recompute the annual minima of the newly
created region and update the pairwise <'> <7> @ @ @
distance matrix

5. Repeat step 1-4 until only one region remain
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Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions §
2. Compute the pairwise distance between all *E,
regions. ﬁ
3. Merge the two regions with the smallest 4;—")
distance 35 -

4. Recompute the annual minima of the newly
created region and update the pairwise
distance matrix

5. Repeat step 1-4 until only one region remain

O
O



Discovering the latent spatial structure of sea ice minima

Dynamic agglomerative clustering steps:

1. Divide the grid into 1° longitudinal regions %’)
2. Compute the pairwise distance between all 37
regions. '?_ ...................................
3. Merge the two regions with the smallest %’
distance S \—_
4. Recompute the annual minima of the newly \
created region and update the pairwise @ 2

distance matrix
5. Repeat step 1-4 until only one region remain Cluster 1 Cluster 2 cCluster 3



Standard divisions can not capture all the spatial complexity of
seaice
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Comparison with standard divisions

Amundsen/

Bellingshausen

Minima based division Zwally division



Comparison with standard divisions
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Sea ice seasonal cycle
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Sea ice seasonal cycle

225
20
175

15

Sea Ice Extent
(106 kmz) 125

10

75

25

0
1Jan 1 Feb 1 Mar 1 Apr 1 May 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct 1 Nov 1Dec 30Dec

National Snow and Ice Data Center, Boulder, CO



The shape dictates the tail behaviour

— £ <0 bounded lower tail
- &=0 unbounded tail




The shape dictates the tail behaviour

- & <0 bounded lower tail
—— &=0 unbounded tail
- &> 0 bounded upper tail




