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Motivation and aim

.. from climate perspective “we live in interesting time” ..
.. to further understanding and prediction of the Arctic system
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Arctic variability and change W &

e The lowest NH January SIE T . [
in the satellite record (since 1979)

—> unusually high SAT
—> persistent negative AO phase

Average Monthly Arctic Sea Ice Extent
January 1979 - 2016
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Arctic variability and change - - —74 M | & e

-~ short-term variability International Arctic
: Buoy Program
Temperature near North Pole warms above freezing mark iabp.apl.washington.edu
Hourly air temperature readings from Buoy #6400476. '
Degrees in Celsius, all times in GMT. i ——— e en
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Sea ice age 1987 2011

NH sea ice cover
has experienced a
long-term decline
superimposed on
a strong internal
variability

Arctic Sea Ice Extent Standardized Anomalies
Jan 1953 - Sep 2010

2 oz /1) identify physically relatable \
i‘,,,, M patterns/modes of the NH sea ice
fbHe N MY T TN Ak variability on seasonal to

Anomaly (# St. Dev. from 1968-1996 Mean)

2 ik Ty interannual time scales disentangled
) ','l'l ', from a long-term climate change and

- 1953— | 2) explore their predictability with a
e R RS e e S Qynamical system (CGMC) /

Sea Ice charts of the Arctic Ocean show that ice extent has declined since at least the 1950s. Credit: NSIDC and x
the UK Hadley Center
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Representation of internal variability modes
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Unsupervised learning methods “*# | o s,

Principal component analysis (PCA) produces a low-dimensional
representation of the data that summarizes key properties
- lin. decomposition in a set of uncorrelated (orthogonal)
principal components or modes that successively maximize
the variance captured
- its limitations: symmetry between pos. and neg. phases,
suppresses nonlinearity by using a lin. covariance matrix, PCA
modes do not necessary represent physical modes, ...

Clustering methods partition data into groups or clusters based on their
distance — they can be hierarchical or non-hierarchical
— aims to simultaneously minimize the distance between
members of a given cluster/mode and maximize the distance
between the centers of the clusters
- without orthogonality or linearity constraints inherent in PCA
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K-means cluster analysis - - | B

K-means method is non- E.g. iterative procedure for K=3 with data(x,,x,,t)
hierarchical clustering analysis Data Step 1 Reeation 1, Step 28
that allows reassignment of | Jirs o 1 =
members between different e e 4 ey
clusters (not possible in o ; | R | R
hierarchical clustering): "<.. ) P, M O‘ -

- optimal number of clusters : E’ b‘ , N , N
K (typically determined via o |
hierarchical approach) has to Bl { Hag Reeation 2, Step 20 Pinal Resuts
be specified in advance | ”, 11 : I -,

- produces representation of — . g 2
the spatial and temporal B e | |
variability with K patterns of °< ;, p Son s - an i
cluster centers and time , N ,. “’" : ‘#

series of cluster occurrences
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Climate memory buffer of the sea ice system
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Latest Skm Grid of 28-day Thickness : 23/1/16 - 19/2/16

—> focus on sea ice thickness
(SIT) — likely a key medium for
the sea ice system memory on
longer time scales

Monthly Thickness Timeseries for Whole Arctic X
+++ Precise  +++ Near Real Time
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Sea ice reconstruction

Measuring SIT is a demanding task at any scale = use
reconstruction = GCM + data assimilation

_—

Combined two multi-member NEMO3.2-
LIM2 reconstructions (surface forcmgs
DFS4.3 and ERA-Int, and ocean
restoring: ORAS4) to get continuous
SIT over the 1958-2013 period |

Reconstruction = lceSAT-1

Feb-Mar* Wigary
2004- 2006’“ % ﬂ

—
-

T —— Use regional SIT averages:
0 0"25 05 075 1 125 15 1.75 2 225 25 275 3 325 35 375 4 6 10 ~1 000 9 32 degrees of freedom

sea ice thickness (m)
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How to disentangle long-term climate change?
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e Oth order residuals
JAS SIT*» (d)

1 o@ee - 888 0O WO R_J

ST a2 321%
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ClL1 14.3%

e 15t order residuals
JAS SIT* - r1 (h)
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e 2"d order residuals

JAS SIT@ - 2 (D
- W ema N
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e 39 order residuals

JAS SIT® - 3 ()
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SIT cluster members

= nonlinear forced response of the Arctic requires removing
2"d order polynomial approximation of the long-term climate
change to determine robust SIT variability clusters

Cl.1 2012
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Structure of the NH SIT cluster centers
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framed by SIT clusters
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Occurrence of the NH SIT clusters
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SIT cluster occurrences
Mar SIT@®D - 2
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Persistence of SIT clusters g ol | A s

e L
T e e e e e s e e e e ll o0 > 3 identified SIT clusters
i} k&
R (CAT, APD and CSD) often
| [, ist h
T e e e e e ——— .0 |10 W Persisience reach-
17 e e — ———— ina into interannual time
e e e foar N9
T e e e e e e e e ' gCales
T e e e et s s et s e
g —
e —
T e e e e e e s m—— ., ([ S|T clust
T e e e e e e e (0101 Ol | ClUSIET occUrrences
1986 | N N R R R R [ [ [ I — —
e —
T e s e e s s e s
b —
e ——— X(t+1) CAT | APD | o©SD
e —
T s s s s e | |( (1) [CAT()) | 81.36% | 13.18% | 5.45%
e ———————
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e
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What about EOF analysis?
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SIT (long-term-mean residuals)

SIT - r1 (1st degree residuals)

EOF1 30.39% )~ Oph\Snr?

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacicn




¥ MINISTERIO

Connection to PCA - . A

= 1t EOF mode matches cluster 3 (CAT) and also we have to remove 2" order
polynomial approximation of the long-term climate change to find robust EOFs

——————————————

> @2)
3o A A
A \[// Ik

1570 1680 1950 2000

SIT - r2 (2nd degree residuals)

" ™ EOF3 14.44%

(I.1) N
,,/C: ;’j
Noa s A \:f

SIT - r3 (3rd degree residuals)

EOF1 26.29% ) s+~ 23\ G’
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Connection to PCA - 7 ol | & asse

SIT - r2 - —
(a) Sep EOF1. v'vv (b) Sep EOF2.- —-ﬂw (©) Sep EOF3, -
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Mechanisms underlying the NH SIT clusters
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Key influence of surface winds

HORIZ J\.2020
A2
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e SIT across the Arctic primarily
varies due to sea ice motion
driven by surface winds and
ocean currents

- Compositing analysis indicates
that surface winds in winter could
be the key factor determining the
structure of the SIT variability
cluster patterns and driving their
occurrences

- SIT is a better integrator of the
atmospheric conditions than SIC
on time scales longer than
seasonal
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Dynamical prediction of the NH SIT clusters
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EC-Earth2.3 seasonal prediction “*&2

—> aims to forge weather and climate forecasting, ,/,,A@m.'é\
and climate change studies in a single framework m ,

o
s ™
\

Seamless Earth-System Model //

L
‘\ \ )‘ ‘/ ig@@? «vﬁ,

Atmosphere: ECMWF'’s Integrated Forecasting
System (IFS) T159 and L62 (up to 5 hPa)

Land: H-TESSEL (part of IFS)
Ocean: Nucleus for European Modeling of the

Ocean (NEMO) v3.2 in ORCA1L42 e
Sea ice: Louvain-la-Neuve sea Ice Model (LIM) EC-Earth2.3 <1979-2012>
V2 (part of NEMO) ~ ERSSTv3b <1979-2012>

—> focus on seasonal (12-month) prediction using full-field initialization
(using ERA-Interim for atmospheric IC, ORAS4 for oceanic IC
and sea ice IC from reconstruction used to identify SIT clusters)
with May 15t and November 15t start dates from 1979 to 2010




Skill of May 1st start dates
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Success of multi-member
dynamical SIT cluster forecast
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Rank Probability Skill Score
(ref. — 1st order Markov chain)
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Skill of November 1st start dates
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Success of multi-member
dynamical SIT cluster forecast
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Rank Probability Skill Score
(ref. — 1st order Markov chain)
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ROC diagrams of SIT clusters
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False Alarm Rate
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- Dynamical SIT cluster predictions initialized in summer (May 15)
show initially lower skill that predictions initialized in winter (Nov 18t), but
prediction skill in summer is deteriorated at slower rate than in winter

®

Barcelona
Supercomputing
Center

Centro Nacional de Supercomputacicn




¥ MINISTERIO
T DEECONOMIA
= Y COMPETITIVIDAD

SEVENTH FRAMEWORK
PROGRAMME

Take-home points
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Summary and conclusions

= Removing quadratic approximation of long-term climate change in the
Arctic yields robust K-means SIT cluster patterns (as well as EOF patterns)

= Optimal number of the NH SIT K-means clusters is K=3:

Cl. 1 = CAT mode, Cl. 2 = APD mode, and Cl. 3 = CSD mode, and they have
rather consistent patterns in different months and seasons

(SIT CSD pattern matches 1ts EOF pattern)

= Time series of SIT cluster occurrences show persistence from seasonal
to interannual time scales

= \\ind in winter appears as the most crucial for the formation,
structure and occurrence of SIT clusters

= EC-Earth2.3 shows substantial prediction skill of SIT clusters also
indicating that obs. IC in summer are more important that in winter
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Arctic sea Ice In the spring
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Storm “Frank” and AO index

_% Eﬂ_l y “hll’mllwl“ i | | huIILWMLI ___________

INOV 16NOV 1DEC 16DEC 1JAN 16JAN 1FEB 16FEB 2MAR
2015 2016

NOAA/NCEP

This storm in the far North Atlantic is the same storm that caused two tornado outbreaks and
widespread flooding in the United States. Now, it's pushing temperatures at the North Pole well
above average. (earth.nullschool.net)

~ December 30, 2015 (storm Frank)
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Cryosphere (sea ice, snow, glaciers, permafrost, ..)

. Continuous Permafrost : Water
. Discontinuous Permafrost

-~ Sea Ice 30 Yr Ave Extent

50% Snow Extent Line

= Max Snow Extent Line . Ice

Temperature (°C)

Sep 2012

. Sea lce
. Glaciers
. Ice Sheet

. Ice Shelves
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Some characteristic time and spatial scales

Component of the Process Characteristic Characteristic
Climate System time scale spatial scale
Atmosphere Collision of droplets during cloud 1076-1073 s 10%m .
formation Spatial and temporal scales
Formation of convection cells 10*-10%s 10>-10*m 10.000% . n n
WU ' " t h
Development of large-scale 10-10° s 10°-10" m I e O Ce a
weather systems 1000y |- f‘ imate
Persistence of pressure 10°%s 10°-10" m .
distributions |
— . . 100y _
Southern Oscillation 10" s 10’ m Basin e
- \Muy
Troposhere—stratosphere exchange 107-10% s global 1onr | X
- 5
Hydrosphere Gas exchange atmosphere—ocean 1073-10°s 107°-10° m ‘ Bt ol \
el ST
Deep water formation 10*-10° s 10*-10° m yr } e, (-Seasondl )
- ‘ > cycle
Meso-scale oceanic gyres 10°-107 s 10°-10° m ‘ \\\\III’ :
1mon i~ masoscala and [ eddesiy
Propagation of Rossby waves 107 s 10’ m - shorler scale | "" ) ‘
] ond one ) ./ barotmogic
El Nifio 107-10% s 10’ m D 1wk prysical-biclogical : \ 7 vaiiatikty
o imeescton
Turnover of deep water 10°-10'"s global E
Cryosphere Formation of permafrost 107-10° s 1-10°m o =
Formation of sea ice 107-10% s 1-10°m ; veamal wirses
The - and
Formation of land ice masses 103-10'"'s 10?-10" m | nartial motions
verscal
Land surface Changes in reflectivity 107-10% s 102 m — global fmin +— furtulent VW
Teng suriace
Isostatic equilibration of the crust 10%-10'" s 10° m — global Favly maves
by covering ice masses
Biosphere Exchange of carbon with the 10*-10% s 1073 m — global 2 D. Chelton
atmosphere - —l - | Jd | S (S R —
Transformation of vegetation zones 10°-10'0s 10-10" m im  10m 100m fkm 10km 100km 1000km 10%m 10%m
Spatial Scale
sarceiona - 1ltEring of fast processes is key for stable integration of climate models
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