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Manifestations of climate change are often shown as gradual changes in physical or
biogeochemical properties'. Components of the climate system, however, can show
stepwise shifts from one regime to another, as anonlinear response of the systemtoa
changing forcing?. Here we show that the Arctic sea ice regime shifted in 2007 from
thicker and deformed to thinner and more uniformice cover. Continuous seaice

monitoring in the Fram Strait over the last three decades revealed the shift. After the
shift, the fraction of thick and deformed ice dropped by half and has not recovered to
date. The timing of the shift was preceded by a two-step reductionin residence time of
seaiceinthe Arctic Basin, initiated firstin 2005 and followed by 2007. We demonstrate
that asimple model describing the stochastic process of dynamic seaice thickening
explains the observed ice thickness changes as aresult of the reduced residence time.
Our study highlights the long-lasting impact of climate change on the Arctic seaice
through reduced residence time and its connection to the coupled ocean-seaice
processes in the adjacent marginal seas and shelves of the Arctic Ocean.

The extent of Arctic sea ice exhibited negative trends both in sum-
merand winter over the last three decades'?. Sucharetreatin summer
seaice results in anincrease of open water areas and prolongation of
ice-free conditions in the adjacent marginal seas and shelves of the
Arctic Ocean*’. The adjacent, ice-free seas absorb more solar energy
during summer and store heatin the upper ocean®. The heat enhances
icemeltinthe marginalice zonein summer and delays the onset of new
ice formation in the autumn’. These processes influence Arctic-wide
seaice properties through large-scale sea ice motion carrying the ice
fromthe marginal seas to the central Arctic, a process known as Trans-
polar Drift (TPD) Stream®,

Alarge fraction of the Arctic Ocean’s seaice is formed in the mar-
ginal seas of the Arctic Ocean, from the Alaskan to Siberian sectors
of the Arctic’, that is, the Beaufort, Chukchi, East Siberian and Laptev
seas. It is then transported across the Arctic to sustain the perennial
ice pack (Fig. 1a). A main part of sea ice formed in the Alaskan sector
circulates in the CanadaBasin'®, while a part of the ice is pushed towards
the Siberiansector viathe ChukchiSea®. Seaice formedin the Siberian
sector, together with the ice from the Alaskan sector, joins the TPD
emanating from offshore of the Siberian shelves. The TPD transports
theice to the central Arctic and further towards the Atlantic sector of
the Arctic®"2. Finally, it exits the Arctic Ocean through the Fram Strait,
located between north-eastern Greenland and Svalbard. Seaice motion
andice age estimates from observations indicate an acceleration of ice
motion and hence decrease of residence time of sea ice in the Arctic
Basininrecent decades™".

Because up to approximately 90% of seaice outflow from the Arctic
Oceantothe Subarctic North Atlantic occurs through the Fram Strait™'®,
seaice properties observedinthe Fram Strait represent basin-wide char-
acteristics of Arctic seaice™". The Fram Strait Arctic Outflow Observa-
tory has been monitoring seaice and ocean properties in the core of
the outflow atalatitude of approximately 79° N'® (marked red in Fig. 1a)

since 1990. The observatory has provided a unique, near-continuous
time series of seaice thickness for the last three decades” (Methods).

Inthis study, we show thatin 2007, aregime shift of seaice thickness
occurred in the Fram Strait. The shift was characterized by an abrupt
reduction of deformed thickice (a 52% reduction of seaice thicker than
4 m)and anincreased uniformity of ice thickness distribution (height
of the modal peak increased by 67%). The timing of the shift follows a
dropinArctic-wide seaice residence timein 2005 and 2007. We intro-
duce asimple model describing the stochastic process of dynamicice
thickening and explainthe relationship between the changesin Arctic
seaiceresidence time and thickness distribution.

Changesinice thickness distribution

Seaice observed in the Fram Strait consists of a variety of ice types
and thicknesses, reflecting its thermal and dynamic history before
exiting the Arctic Basin®**, Typically, ice thickness distribution in the
Fram Strait is bimodal (Fig. 1b and Extended Data Fig. 5). The first peak
represents thin sea ice (less than 0.5 m) formed in the vicinity of the
Fram Strait, while the second peak (that is, the modal peak), which has
a1.5-3 mthickness, primarily represents thermodynamically grown
seaice that has been transported across the Arctic Basin. Finally, the
distribution has a long tail towards thicker ice fractions, correspond-
ing to dynamically thickened seaice (from thinner thermodynamically
grownseaice) due toridging and rafting. The second peak and tail can
bereasonably well approximated using alog-normal function (Fig. 1b,
Extended Data Fig. 5and Methods). This part of the distribution repre-
sents seaice propertiesin the central Arctic and gives information on
combined thermal and dynamic forcing onseaice fromthe time of its
formation toits arrival in the Fram Strait.

Thedistribution of seaice thickness has changed substantially in the
last three decades, reflecting the environmental changes in the Arctic
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Fig.1|Map of Arctic Oceanand seaice thickness distributionin the Fram
Strait.a, Arctic Ocean and its marginal seas, with winter seaice concentration
(1980-2018 mean, white-blue shading, calculated from OSISAF*), ice drift field
(blue arrows, Polar Pathfinder Daily 25 km EASE-Grid Sealce Motion Vectors
v.4.1), 83 ice-tethered buoy tracks that arrived in the Fram Strait (green lines)
and TPD Stream (yellow shade). The buoy tracks were obtained from the
International Arctic Buoy Programme?®. The Fram Strait Arctic Outflow
Observatory isshown by thered bar.b, Meanseaice thickness distributionin
the Fram Strait before and after 2007. The distributions were derived ona
monthly basis by all available ULS data from 1990 to 2019 (described in the
Methods) and averaged across two periods:1990-2006 and 2007-2019. The
Matplotlib basemap toolkit was used to plot the map.

and consequent reduction of meanice thickness in the Arctic Ocean?.
In the Fram Strait, the thickness of the modal peak has been reduced
by approximately 1 m (2.7 m to 1.7 m; Fig. 1b, dashed lines); a fraction
of theice in the mode (height of the peak) has increased by 67% from
1990-2006 t0 2007-2019 (Fig. 1b, blue versus orange line). The tail of
the distribution, corresponding to the deformed fraction of ice, has
also substantially changed between the two periods: the thickness
distribution for 1990-2006 (Fig. 1b, blue line) was characterized by
thicker modal thickness with asmaller and broader modal peak and a
larger fraction of deformed ice (thickand deformed ice regime), while
the period after 2007 (Fig. 1b, orange line) is characterized by a thin-
ner modal thickness with more compact distribution of ice thickness
around the mode and asmaller fraction of deformed ice (thinand more
uniform ice regime). These findings from the mooring observations
are consistent with in situ observations®.
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Figure 2a shows the time series of ice thickness distribution in the
Fram Strait for the last three decades. Darker shadingindicates alarger
fraction of seaice at the corresponding thickness. A zonal band with
a darker shade ranging approximately from 3.0 m to 1.5 m, depicts
the modal thickness of multi-year seaice. The temporal variation of
this band describes the long-term changes of modal seaice thickness
inthe central Arctic. The time series clearly shows that the change of
the thickness distribution (Fig.1b) has not beena gradual process but
thatadistinct shift fromthick and deformedice regime to thinner and
more uniform ice regime occurred around 2007 (visualized by the
intensity of the shade at the modal peak in Fig. 2a). The shiftis further
evidenced by coincident changesinmodal peak height (Fig. 2b) and the
variance of ice thickness distribution (Fig. 2c). The modal peak height
and variance were obtained from a fitted log-normal function to each
distribution (Methods). The modal peak height gives a measure of
compactness of the distribution around the mode, while the variance
givesanindication of deformed fraction of seaice relative to the modal
peak. The sequential t-test analysis of regime shifts* we applied to these
time series detected a shift in both peak height and variance in 2007
(Extended Data Fig. 6 and Extended Data Table 1). This indicates that
until 2007, ice floes consisted of sea ice with a variety of thicknesses
towards thicker ice, whereas from 2007, they have consisted of ice of
more uniform thickness with a smaller deformed fraction. Thisis also
clearlyvisibleinshifts withal-year delayin the fraction of thickice (that
is, ice thickness exceeding 4 and 5 m) shown in Fig. 2d. This fraction
corresponds to ice thicker than the maximum theoretical thickness of
thermodynamically grown ice derived by different seaice models®**%,
that s, giving a measure of the fraction of dynamically deformed ice.
The shift of ice thickness distributionin 2007 and 2008 indicates that
asuddenreduction of dynamic forcing ontheice occurred at that time.

Reducedresidence time of Arctic seaice

Figure 3ashows atime series of mean residence time of seaice floesin
the Arctic Ocean thatarrived in the Fram Strait (Methods). The timing
ofthe observed shiftinthickness distribution coincided with the timing
of areduction in residence time. The mean residence time showed a
two-step shift from 4.3 years to 2.7 years in 2005 and 2007 (detected
by sequential ¢-test analysis of regime shifts; Methods). A coincident
exceptional long residence time (Fig. 3a) and large variance of thick-
ness distribution (Fig. 2c) occurred in 2017, reinforcing the connec-
tionbetween residence time and thickness distribution. Although the
meanresidence time droppedin 2005and 2007, the area of ice forma-
tion (coloured dots in Fig. 3b,c) and ice trajectories across the Arctic
basins (grey cloud in Fig. 3b,c) have not changed notably. The slight
offshore and westward shift of ice formation areas® is not sufficient
to explainthereduction of residence time by approximately 1.6 years
(Fig.3aand colour of the dots in Fig. 3b,c).

The reduction of summer sea ice concentration in areas of sea ice
formation, onthe other hand, correlates with the reductioninresidence
time (r=0.65inthe Alaskan sector, 0.73 in the Siberian sector, ice con-
centration leads 1year). Figure 4a shows the difference in September
seaice concentration between two periods,1990-2006 and 2007-2019.
Areas that show the largest decrease coincide with areas of seaice for-
mation (blue shading in Fig. 4a versus coloured dots in Fig. 3b,c); a
reduction of sea ice concentration occurred both in the Alaskan and
Siberiansectorsin2005and 2007 (Fig.4c and Extended Data Table1).
The September mean ice concentration dropped from 46% to 26% in
the Alaskan sector and from 57% to 26% in the Siberian sector and has
not recovered to date (Fig. 4c). Concurrently, the September mean
sea surface temperature in these areas has risen from below 0 °C to
0.6 °C (Extended Data Fig. 1). These changes make it difficult for ice
formed during a previous winter to survive the summer meltin these
areasand survive into the following year. Thisis manifested in the drop
of residence time of ice floes in areas of sea ice formation (Extended
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Fig.2|Seaice thickness properties observed in the Fram Straitin the last
threedecades. a-d, Timeseries of seaice thickness distribution (a), modal
peak height (b) and variance of ice thickness distributions (c), and fraction of
seaice thicker thantwo thresholds, thatis,4 mand 5 m, respectively (d).In

DataFig.2). Themeanresidencetime of ice floesin the Siberian sector
that arrived at the Fram Strait after 2007, was reduced from 15 to 6
months, indicating that most of theice floes cannot survive the summer
meltseason and only newice floes that formed after the summer enter
the TPD.

Acceleration of ice drift speed in the Arctic Ocean*?® has also con-
tributed to the shorter residence time of sea ice. Figure 4b shows the
differencein seaice motionbetween the two periods,1990-2006 and
2007-2019. Enhanced anticyclonic ice motion in the Canada Basin
andacceleration of the TPD are clearly visible. These changes also exhib-
ited a clear shiftin 2007 (Fig. 4d and Extended Data Table 1). Westward
ice drift speed in the Alaskan sector increased by 71% (from 2.0 cm s™
to 3.5cms™), northward ice drift in the Siberian sector increased
by 42% (from1.2cm s to 1.7 cm s™) and the TPD accelerated by 37%
(from2.3 cms™t03.2cms™), respectively. The acceleration of the TPD

b,c, x*isasumof the squared residuals at each log-normal function
fitting. Derivations of the ice thickness distribution, modal peak height and
variance are describedin the Methods.

shortened the residence time of seaice in the central Arctic Ocean by
about four months on average. Concurrent shorter residence times
in the ice formation areas and acceleration of the TPD led to a reduc-
tion of the mean residence time of seaice by 1.6 years (from 4.3 t0 2.7
years) after 2007.

Shorter residence time and thinnerice

Therelationship between the observed regime shift (Figs.1band 2) and
reduced residence time (Fig. 3) is explained by adynamic ice thickening
process. Heat loss in open water areas to the atmosphere in autumn,
followed by continued cooling in winter, forms a uniform ice thick-
ness distribution with a high modal peak®* (thermodynamic forcing
is governed by synoptic scales of 0(10%) km). Dynamic forcing, on the
other hand, increases the fraction of deformed thick ice forming the
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Fig.3|Residence time and origins of seaiceinthe Arctic Ocean that
reached the Fram Strait.a-c, Time series of residence time of ice floes in the
ArcticBasin (a) and origins and pathways of ice floes before (b) and after 2007 (c).
a, Theabscissareferences the time of arrivalin the Fram Strait. The grey line
showsthe meanresidencetimeineachregime detected by sequential t-test
analysis of regime shifts. b,c, Thelocation of the dots depicts areas of seaice
formation, while the colour of the dots indicates the time of seaice formation
relative to theirarrivalin the Fram Strait. The grey cloudsinband cshow the
trajectories ofice floes from their origins to the Fram Strait. The background

tail of the thickness distribution. Divergence, convergence and shear
of wind and ocean currents cause mechanical fracturing of ice floes.
Whentheforcingis convergent and once the local internal stressinthe
ice pack has exceeded the threshold, dynamicice thickening occurs by
ridging and/or rafting®?.

Dynamicice thickeningis astochastic process because the deforma-
tionoccursinasmallfraction of ice while therest of the iceis unchanged
when a dynamic event occurs. Ice thickness gained by an event (that
is, ridging or rafting) also varies in space and differs between events.
Another characteristic of dynamic thickening isits dependence onice
thickness. Thicker ice has alarger potential to get thicker asit can exert
stronger compressive force on the ice forming ridges and rafting>°>.,
These characteristics enable us to formulate the process by a propor-
tionate ice thickening of stochastic ice thickness, X, as,

X=Xy 1)

whereidenotesthe time index counting dynamicice thickening events
and a,_, is the proportionate thickening increment due to the event at
i-1. The increment represents the stochasticity of the dynamic thick-
ening process. After m-times dynamic growth events, stochastic ice
thicknessis given by:
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colour (navy-white shading) inb and cshows the mean seaice concentrationin
September for the corresponding periods (OSISAF™). The contours of the
meanseaice concentrationare represented by the dashed lines (80%,70%, 60%
and 50% contours showninblack and 15% contour shown in white). Two
polygonsindicatetheseaice formationareainthe Alaskan (A) and Siberian (B)
sectors: the time series of seaice concentration andicedrift speed in these
areas areshowninFig. 4. See the Methods for details of the backward trajectory
calculation and residence time estimates. The Matplotlib basemap toolkit was
used to plot the map.

X =Xol=6a, )

where X, is the initial ice thickness, that is, sea ice without dynamic
thickening, and Iis a product operator. Taking the natural logarithm
of equation (2) gives:

InX,=InXy+ Ina,_;+ Ina, ,+...+ Ina, 3)

AsIn X,, Ina,, Ina,, ...,and In g;are uncorrelated (the thickening at
each dynamic event is a stochastic process), the probability function
of In X, gives a normal distribution for large m (central limit theo-
rem®2), hence the probability function of X, gives a log-normal dis-
tribution (Gibrat’s law*). The shape of the distribution varies with m,
that is, the number of dynamic growth events. The larger the m, the
larger the variance. If we assume that the number of dynamic growth
events mis proportional to the residence time of ice floes in the Arctic
Ocean on annual timescales, a longer residence time leads to larger
variance, that is, a larger fraction of deformed ice. As the number
of such events has not considerably changed in the last three dec-
ades®, m can be linearly related to the residence time of seaice in the
Arctic Basin.
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Fig.4|Changes of seaice concentrationandseaice motion. a,b, Difference
of September seaice concentration (a) and ice drift speed (b) between the two
periods:1990-2006 and 2007-2019.¢,d, Time series of meanseaice
concentrationin September (c) and meanseaicedrift speedinselected
regions (d). a, The positive (negative) values indicateincrease (decrease) in the
latter period. b, The differenceinseaice drift vectorisshown by the arrows,
while its magnitudeis shown by the colour. The differencein seaice drift field
inbwas calculated fromice drift vectors from December to May. The time
seriesincaretheareal average of the Alaskan (A) and Siberian sectors (B)
shown by thesolid black polygonina, whilethoseindare the areal average of A,

Figure 5 shows examples of the probability density function of X,,
for different m (Methods). The plot demonstrates that the shorter
residence (smaller m) gives higher modal peak and less deformed sea
ice. The simple proportionate thickening process conceptually explains
(1) the shape of the observed ice thickness distribution (the log-normal
shapesinFig.1b) and, more importantly, (2) the reduction of the frac-
tion of deformed ice for the shorter residence time after 2007 (Fig. 2).

Discussion

The relationship between sea ice residence time in the Arctic Ocean
and ice thickness distribution highlights the importance of coupled

Band C:the TPD Streamisshown by the rectangular box labelled C. The ice drift
speed ofthe TPD ind shows the annual meanice drift speed inbox C (vector
component parallel to the main axis of box C, positive value oriented to the
Fram Strait), whereas those in Aand B are calculated without three summer
months (August to October) to exclude under-represented ice motion due to
very low spatial coverageinrecentyears. c,d, The dashedlinesindicate the
detected regimes (Extended Data Table 1). Seaice concentration from OSISAF*
andseaicedrift from Polar Pathfinder Daily 25 km EASE-Grid SeaIce Motion
Vectorsv.4.1(ref.*?) were used to derive the variables. The Matplotlib basemap
toolkit was used to plot the map.

ocean-seaice processesinthe Alaskan and Siberian sectors of the Arctic
(areas A and B in Fig. 3b). Several interrelated factors have become
more prominentin the late twentieth century and have contributed to
preconditioning the ocean-seaice system before the stepwise changes
intheice formation areas: Arctic-wide rise of surface air temperature®,
thinning of sea ice®®, decrease of sea ice albedo® concurrent with a
reduction of multi-year sea ice®, increase of ocean heat flux through
the Bering Strait® and increase of the upper ocean heat content*’.
September seaice concentrationin the Siberiansector dropped below
40%in2005 and the dramatic Arctic summer seaice extent minimum
occurred in 2007 (ref. *!). This series of events initiated intensive and
widespread ice-albedo feedback in the Alaskan and Siberian sectors
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Fig.5|Ice thickness distributions obtained from the stochastic model of
dynamicice thickening. Probability density functions of X,, for different
values of m. The smaller m corresponds to ashorter residence time of seaicein
the Arctic Ocean.See the Methods for the descriptions.

inthe summer**?, which resulted ina perennial increase of ocean heat

content in areas of ice formation (Extended Data Fig. 1). After 2007,
suppression of winter ice growth due to the accumulated ocean heat
became conspicuous** and the resultant thinner ice pack became more
vulnerable to summer melt in the following year. Prolongation of the
summer melt season promoted further ice-albedo feedback* and has
increased oceanic heat absorption in the summer’. Thus, summer ice
extent and thickness in areas of ice formation has not recovered to
the state before 2007 (Fig. 4¢). In addition, continuing weakening of
the cold haloclinein the Siberiansector alsoinfluenced the upper ocean
heat content*® and possibly slowed down ice growth offshore of the
Laptev Seain recent years".

Our analysis demonstrates the long-lasting impact of climate change
on Arctic seaice through reduced residence time, suggesting an irre-
versible response of Arctic seaice thickness connected to anincrease
of ocean heat content in areas of ice formation. The large reduction
of summer ice extent in the Alaskan and Siberian sectors in 2005 and
2007 triggered intensive ice-albedo feedback*** and initiated the
perennial increase of ocean heat content in these areas**. This resulted
in the stepwise reduction of residence time of sea ice in the Siberian
sector of the Arctic, and hence a nonlinear response of the system.
Before the shift, seaice formed in and offshore of the Siberian shelves
overwintered (spent about 15 months) in this area before entering
the TPD (Extended Data Fig. 2), during which the ice thickened and
increased its deformed fraction. After the shift, ice stayed in this area
only about 6 months on average (Extended Data Fig. 2), resulting in
recruitment of newly formed younger ice into the TPD and more sea
ice formation during TPD transit to the Fram Strait*. The younger
iceis thin, weakly linked and features ridges with more shallow keels;
hence, it is more prone to wind forcing pushing the ice towards the
Atlantic sector of the Arctic®®*. This process accelerated the TPD from
2007 onwards (Fig. 4d), while enhanced wind forcing after 2007 may
also have contributed to the acceleration of the TPD (Extended Data
Fig. 7). Because of the shorter residence time, the part of the ice that
has thermodynamically grown is thinner” (reduction of modal thick-
nessinFig.1b) and therelative amount of the deformed fraction of ice
has decreased (Figs.1b and 2).

Impacts of this regime shiftin Arctic seaice on the pan-Arctic environ-
ment are extensive and require further investigation. Thinner and less
deformedseaice causesreduced momentum exchange betweeniceand
ocean, contributing to reduced mixing in the upper ocean underneath
areas that are fully covered with ice. This may affect entrainment of
heat and nutrients from subsurface to surface ocean with a potential
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consequence on the biogeochemical cycles involving higher trophic
levels. By contrast, however, sea ice retreat in marginal ice zones and
continuing weakening of the cold halocline inthe Atlantic sector allows
for more turbulent mixing and winter convectionin the upper ocean*®.
These counteracting effects caninfluence the regional contrasts of the
ocean environment between fully ice-covered areas and marginal ice
zonesinthe Arctic. In addition, habitat conditions of younger, level sea
ice are different from those in older multi-year ice and might affect the
sympagic (ice-associated) communities and their diversity***’, Ridged
seaice supports higher biomass*® and represents safe havens for organ-
isms to hide from predators®. Theamount of ridges and deformed ice
has also consequences for humanactivity. Thinner, more leveliceisless
challenging for ship navigationthaninthicker, deformedice and, along
withlessice/shorterice seasonsingeneral, may allow foranincreasein
Arctic maritime traffic. Finally, interdisciplinary studiesin the Atlantic
sector of the Arctic and downstream of the Fram Strait outflow are
needed to shed light on the consequences of the described seaice
regime shiftanditsimpacts on physicaland biogeochemical processes.
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Methods

Data

Seaice draft data were obtained from upward looking sonar (ULS)
moored in the East Greenland Currentin the western Fram Strait. The
dataset continuously covers the last three decades (1990-2019) with
some short temporal gaps. Four ULSs were zonally aligned at approxi-
mately 79° N from 3° W to 6.5° W (Fig. 1a). The latitude of the moor-
ing array changed from 79° N to 78.8° N in 2001. The zonal positions
(names) of the moorings equipped with ULS are 3° W (F11), 4° W (F12),
5°W (F13) and 6.5° W (F14), respectively. There are three main temporal
datagaps duringthe three decades of measurements, thatis, 1996,2002
and 2008. Except for these gaps, ULSs were in operation although their
number varied from time to time. The ULS measures the travel time of
the sound reflected at the bottom of the floating sea ice, from which
we calculate the ice draft, the underwater fraction of seaice®*. The raw
datawere processed toice draft using procedures described in earlier
literature®*®, The accuracy of each draft measurement ranges from
0.1 m (ice profiling sonars (IPS) deployed after 2006) to 0.2 m (ES300
instruments before 2006), while the uncertainty of each individual
measurement is not subject to bias errors and the summary error sta-
tistics of monthly values are less than 0.1 m*’.

The daily mean sea ice motion product provided by the National
Snow and Ice Data Center (Polar Pathfinder Daily 25 km EASE-Grid
Sealce Motion Vectors v.4.1, hereafter NSIDCv4 ice drift) was applied
for backward trajectory calculation of sea ice floes, estimating resi-
dence time of seaice in the Arctic and analysis of spatial average
of ice drift speed. The product was derived from a combination
of various ice motion estimates from remote sensing and tracks of
ice-tethered buoys*®’. We applied the motion vectors from 1984 to
2019 for the backward trajectory calculation. Sea ice concentration
data were taken from the Global Sea Ice Concentration Climate Data
Records of the EUMETSAT OSISAF*' (OSI-409 v.1.2 for the period from
January 1984 to April 2015 and OSI-430 v.1.2 for the period after
April 2015). Theice concentration datawere used for the seaice trajec-
tory calculations and to analyse spatial and temporal changes of ice
concentration.

Sea surface temperatures obtained from the NOAA/NESDIS/NCEI
Daily Optimum Interpolation Sea Surface Temperature v.2.1 (ref. *)
were used to examine temporal variation in sea surface temperature
inareas of ice formation (Extended Data Fig. 1a,b). A dataset of Arctic
Ocean in situ hydrographic observations® was also used to examine
the change in ocean surface temperature between 1990 and 2006
and between 2007 and 2019. The dataset was revised using recent
observations®® and gridded to 110 x 110 km cells covering the whole
Arctic Ocean. The mean temperature in each period (1990-2006
and 2007-2019) in each cell was defined by an average of all available
measurements for every 3-month period (January-March, April-June,
July-September and October-December). If the number of available
datainacell wasless than four,a missing value was assigned to the cell.
The difference in summer sea surface temperature (July-September,
0-20 m) between two periods (1990-2006 and 2007-2019) was used
for the analysis (Extended Data Fig. 1c). Atmospheric data were taken
from the European Center for Medium-Range Weather Forecasts
Reanalysisv.5 (ref. ) (ERAS). Daily and monthly mean sea-level pressure
and 10 m wind were used in the analyses.

Ice thickness distribution

Ice thickness distributions were derived on a monthly basis. All sea
ice draft measurements in the Fram Strait from 1990 to 2019 were
classified into draft thickness bins of 0.1 m, ranging from O to 8 m
(80binsintotal). Thenumber of datasamples (ice draft measurements)
used to derive the distributions varied from time to time. From 1990
t02005, 0(10*) samples were used to derive the distribution functions
on a monthly basis (measurement interval of 240 s in most cases);

after 2006, 0(10°) samples were used (interval of 2 s). The number
of samples used were sufficient to derive thickness distribution on a
monthly basis*”’. The number of data in each bin were divided by the
total number of measurements to derive the distribution function.
The open water fraction (that is, zero ice thickness) was excluded
when deriving the function. Distribution functions, including the
openwater fraction, are shown in Extended Data Fig. 3. If the temporal
coverage of the data samples was less than 15% of a monthly coverage,
the distribution function was not defined and removed from the analy-
sis. The draft thickness distributions were converted to ice thickness
distributions by an average ratio of draft to thicknessin the Fram Strait,
1.136 (ref. ©?). Although the ratio has some seasonal variability and
might have slightly changed due to changes in ice density and snow
load in different seasons and years, we assumed that the change was
not considerable for the aim of the current analyses. Acomposite time
series of ice thickness distribution (Fig. 2a and Extended Data Fig. 3)
was obtained from a combination of available distribution functions
from F11to F14 . More specifically, one of the distribution functions
from F11to F14 was used with a priority order of F13, F14, F12, F11. The
composite time series is shownin Fig. 2a, while the time series ateach
siteareshown in Extended Data Fig. 4. The fractions of seaice thicker
than two thresholds, 4 and 5 m, were calculated as the cumulative
function of all available distributions (that is, all distributions from
F11to F14) in each month and are shown in Fig. 2d.

Theuncertainties on the estimates of monthly fractions of ice thicker
than a threshold and position of the modal ice peak were assessed
numerically using a moving block bootstrap approach®. Bootstrap-
pingis afamily of resampling techniques used to derive uncertainties
on various complex estimators for large datasets and uses random
sampling with replacement®. The presence of autocorrelation in ice
draft series from IPS (ULSs deployed after 2006) suggested using the
moving block bootstrap approach®. The method splits the original
monthly series of ice drafts 0(10°) samples of length Ninto N - K +1
overlapping blocks of length K each. The block length was set to 30
samples thatapproximately corresponded to adistance of 10 m covered
byicetravellingat 0.3 knots. It roughly corresponded to the lower limit
ofahorizontal spatial scale of ice ridges. For ES300 instruments (ULSs
deployed until 2005) with a lower sampling rate of 240 s, ordinary
bootstrapping was used.

At each of M steps of bootstrap sampling, N/K blocks were drawn
atrandom, with replacement, from the constructed set of N-K+1
blocks, making a new bootstrap data sample for the month. A Gaussian
noise of N(0,1) was further added to the data to account for measure-
ment uncertainty. The mean and s.d. of the fractions of thicker ice
and modalice peak position were then calculated directly from the
M estimates derived at each step of the procedure. The results sug-
gested that the monthly coefficient of variation or aratio of the s.d. of
the estimate to its mean, for the IPS data varies from 1% to 3% for both
fractions, being on average lower (1-2%) for a fraction of ice greater
than 4 m thick. For ES300, the coefficient of variation was slightly
higher at about 4(6)% for the fractions of ice thicker than 4(5) m.
The same applied to the position of the modal peak, which showed
a coefficient of variation of 0-3% being typically closer to O for the
IPS data. It suggested that the selected bin width was large enough
to accommodate uncertainties related to the approach and data.
For the ES300 data, the monthly s.d. of the modal peak position was
higher, up to 30 cm, and the coefficient of variation was within 9%.
Therefore, we postulate that the inferred uncertainties are far too low
to have any noticeable influence on the results of the shift detection
analysis.

Modal peak and variance of ice thickness distributions

As statistical measures of ice thickness distributions, we examined
modal thickness and variance. The monthly mean ice thickness dis-
tributions (740 samples in total) were fitted to log-normal functions:
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where o;and p; are the fitting parameters, x is the ice thickness bin
and Fis the distribution function. To detect the second peak of the
distributions that represents multi-yearice travelled across the Arctic
Basin, a cut-off threshold was introduced. The threshold was used to
excludethinseaicefraction, whichis supposedly formedin the vicinity
of the Fram Strait and is not representing basin-wide changes of ice
properties in the Arctic. We defined the threshold by the minimum
betweenthe first and second peak of each monthly mean distribution.
Aset of two consecutive negative gradients (towards thicker bins) fol-
lowed by two consecutive positive gradients was used to detect the
minimum (after applying 3-bin smoothing), while a threshold of 1.53 m
(corresponding to 1.3 m of ice draft) was applied when an estimated
threshold was thicker than 3 m. Function values ranging lower than
thethreshold were set to zero (zero case) or excluded from the fitting
(NaN case). A least-square minimization was applied to fit alog-normal
function to the distribution. In general, the fitted log-normal functions
represent the distribution very well. The NaN case slightly underesti-
mates the modal peak, while the zero case captures the peak very well.
Examples of distribution functions, together with cut-off thresholds
and fitted log-normal functions, are shown in Extended Data Fig. 5.
The modal peak of the log-normal function roughly gives the thick-
ness of thermodynamically grown sea ice, while the variance of the
function quantifies the deformed fraction of sea ice (dynamically
thickened thickness). Changes in modal peak height and variance
of the fitted log-normal functions, var(x) = exp (2u; + of) (exp (67 - 1),
forthelastthree decades are summarizedin Fig. 2b,c. The time series
of modal thickness and the fitting parameters o;and y;are summarized
in Extended Data Fig. 6.

Regime shifts detection

A sequential algorithm for regime shift detection? was applied to all
time series. The method identifies discontinuitiesin atime series using
adata-driven approach that does not require an a priori assumption
on the timing of the regime shifts. The method first identifies poten-
tial change points sequentially by checking if the anomaly of the data
point is statistically significant from the mean value of the current
regime. Ifit is significant, the following data points are sequentially
used to assess the confidence of the shift, using a regime shift index
(RSI).RSIrepresents acumulative sum of normalized deviations from
the hypothetical mean level for the new regime, for which the differ-
ence from the mean level of the current regime is statistically signifi-
cant according to a Student’s t-test. If the RSl is positive for all points
sequentially within the specified cut-off length, the null hypothesis
ofaconstantmeanisrejected. Thisled us to conclude that the regime
shift might have occurred at that point in time®. If multiple data are
available at a certain point in time (that is, multiple sites from F11 to
F14), the mean value is applied in the time series. Before testing, the
temporal gaps of the time series were interpolated by the average of
all available data (modal peak height (Fig. 2b), variance (Fig. 2c) and
modal thickness (Extended Data Fig. 6a) of ice thickness distributions,
fraction of thick seaice (Fig. 2d) and residence time of seaice (Fig. 3aand
Extended DataFig.2)). The cut-offlengthwas set to 7 years (84 months)
to cover the advection timescale (travelling time across the Arctic) of
seaice, while at the same time, detecting shifts occurringat atimescale
shorter than a decade. Other cut-offlengths (3, 4, 5, 6, 8 and 10 years)
were also tested to see the sensitivity and robustness of the results.
A summary of the test results is given in Extended Data Table 1; the
timing of the detected shiftsis showninall time series except for Fig. 2.
The timing of the detected shifts of modal peak height and variance of
icethickness distributions are shownin Extended Data Fig. 6b,c, while
those of the fraction of thick seaice are shownin Extended Data Fig. 8.

RSIs, respective Pvalues and the shift of the means are summarized in
Extended Data Table 2.

Seaice trajectory analysis

To investigate changes of pathways and residence time of sea ice in
the Arctic basins, seaice trajectories were calculated for the last three
decades. Eight pseudo-ice floes were settled in the western half of
the Fram Strait section (from prime meridian to 10° W) at the same
time and advected backwards in time. The calculations started on the
15th of every month from 1990 to 2019. Daily sea ice motion vectors
from the NSIDCv4 were used to update daily position of ice floes back-
wardsintime. Ice motion vectors at the respective floe positions were
calculated by interpolation of surrounding points with Gaussian-type
weighting (e-folding scale of 25 km). Each trajectory calculation was
performed 6 years back in time, while it was terminated if no motion
vector was available within a 25-km distance or sea ice concentra-
tion at the floe position was lower than15%. The seaice concentration
at theice floe position was obtained from OSI-409/0SI-430 with a
Gaussian-type weighting (e-folding scale of 12.5 km). The position
of each trajectory termination was used to define the location of
‘initial seaice formation’. Trajectories shorter than three months were
excluded from the analysis because they represent ice floes formed
inthe vicinity of the Fram Strait.

Uncertainty of the daily position of the pseudo-floes was assessed
by comparisons with ice-tethered buoy tracks obtained from the
International Arctic Buoy Program (IABP)*. We used 83 buoy tracks
that arrived in the Fram Strait from 2000 to 2018 and calculated the
corresponding pseudo-buoy tracks backwards in time. The compari-
sons showed that the mean error of the daily pseudo-buoy positions
can be reasonably approximated by a linear function of backtrack-
ing days', error = 50 + (backtracking days)/2 km. We applied this
empirical formula as an error of the daily position of the backward
trajectories from O to 500 backtracking days, which corresponds to
2200 (300) kmerror after 300 (500) backtracking days. Note that
this error estimate may underestimate the uncertainty because IABP
buoy tracks have been included in the NSIDCv4 ice motion product.
However, comparisons between non-IABP buoys and pseudo-buoy
tracks derived from the NSIDCv4 with error estimates by abootstrap
method showed that pseudo-tracks are largely parallel to the corre-
sponding buoys and the error does not monotonically increase over
time®®. The estimated error circles (approximately 300 km) of ice
formation location in the present study are sufficiently small com-
pared to the polygonsin Fig.3b (greater than1,500-kmwidth), which
guarantees the robustness of the analysis.

Theresidence time of seaice in the Arctic basins was defined by the
period from the start to the termination date of each trajectory. We
calculated an average of residence time of eight pseudo-ice floes that
arrived in the Fram Strait at the same time and used it to define the
mean residence time of ice floes for each month. The uncertainty of
theresidence time was defined by the s.d. of the residence time of the
eight pseudo-ice floes.

Stochastic model of dynamicice thickening

Thelog-normal form of the ice thickness distribution can be obtained
from a simple proportionate growth process, X,,, = X,[E=% 'a,. If In X,
andIna,, Ina, .., Ing;are uncorrelated; thus, the probability function
of X, for large mis given by:

FX) =

_ Y 2
1 o [ (In(X,/X (m))) ] )

Jomemx,, 26(m)?

where X(m) = e"™and 6(m) = om"?and vand ¢*are the mean and vari-
ance of the population distribution of In a,, (including X,), respec-
tively®.
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In this study, we provide a concept and description of a stochastic
model that formulates seaice thickening associated with dynamicice
deformation. The model formulates three features of dynamic sea
ice thickening by ridging and/or rafting: (1) dynamic ice thickening is
astochastic process (areal and thickening stochasticity); (2) thicker
ice has alarger potential to get thicker than thinner ice at a dynamic
event (proportionate ice thickening); and (3) thinner ice has a higher
probability of dynamic deformation due to its weaker ice strength
(preferential deformation of thinner over thicker ice types). The first
point consists of two types of stochasticity in the dynamicice thicken-
ing process. Oneis areal stochasticity, corresponding to the fact thatice
deformation only occurs for a small fraction of the pack ice while the
rest of theiceis unchanged when a dynamicevent occurs. The other is
thickening stochasticity, representing the fact that the thickness gainby
ridging/rafting varies in space and differs between events. The second
pointrepresents aseaice characteristic that thickericeistolerant and
can exert stronger compressive force on the ice forming ridges and/
or rafts; hence, more energy is potentially available for the dynamic
thickening®®?.. The third point represents the fact that the thinner
part of the packice is preferentially ridged/rafted when a dynamic
eventoccurs®®®, This also takes into account the effect of ice thickness
changes onthe dynamic thickening process, for example, the thinner
ice conditioninrecent yearsincreases thelikelihood of ice deformation.

The twofirst points can be formulated by a proportionate thickening
of stochasticice thickness:

Xi=a;_ X (6)

where Xis the stochastic ice thickness at a certain location, i denotes
the time index counting sporadic dynamic events (for example, pas-
sage of a storm) and a;, is the conditional proportionate thickening
increment due to the event at i-1. The increment a,; is a stochastic
variable representing both areal and thickening stochasticity. They
areimplemented as:

_|J1+br;  with ay(%) probability .
4= 1 with1- a;(%) probability )
where bisaproportionate thickening constant, r;is a stochastic thick-
ening increment that represents the thickening stochasticity of i-th
dynamic event and a; is the areal probability of dynamic thickening
that represents areal stochasticity and gives the probability of ice
thickening occurrence. This formulaindicates that when a dynamic
event occurs, a(%) area of pack ice experiences dynamic thicken-
ing (ridging/rafting), while the rest (1 - a(%)) is unchanged (areal
stochasticity). The thickness gain, br;, in the dynamic thickening area,
isalsoastochastic variable: the possible maximum gainis b while the
minimumis O (r;israndom, so O < r,<1) (thickening stochasticity).
We applied the proportionate thickening constantas b=0.4. The
choice of b= 0.4 implies that sea ice in the ridging/rafting area gains
0.4 mthickness at maximum (0.2 monaverage) when theiceisinitially
1-m thick, while it gains a1.2 m thickness at maximum (0.6 m on aver-
age) wheninitially the ice is 3-m thick. The value of the parameter b
comes from a recent high-resolution observation (5 x 5 m resolution
covering a 9-km? area) of single ice deformation event north of Sval-
bard, which describes changesinthe seaice freeboardjust before and
right after a storm event. According to this study, the change in sea
icefreeboardinaconvergingareais 0.07 m (from 0.36 mto 0.43 m) on
average, corresponding to 0.58 m dynamic thickening ofice by ridging
and/or rafting (assuming the freeboard to thickness ratio = 8.35)%. The
gainrelativeto the meanice thicknessis estimated by b = 0.58/1.45=0.4
(the mean ice thickness in the survey area =1.45 m). We applied the
valuefor the proportionate thickening constant, b, as the firstapproach
to develop the model. Although the study captured detailed spatial
changeintheseaicefreeboard, the estimate of hcomes from a one-time

event and hence needs further assessments by future observations.
It should be noted that b = 0.4 is an areal average estimated from the
observations, whereas we applied b as the upper bound of the pro-
portionate thickening. This is because the probability function of the
stochastic thickening increment, r,, is not known so far; hence, we
assumed a constant probability of the increment between O and b,
potentially causing excessive thickening near the upper bound. The
effect of the choice of b is discussed below.

The areal probability of dynamic thickening, a, is included to take
the third pointinto account, thatis, thinner ice has more chance tobe
ridged and/or rafted than thicker ice when adynamicevent occurs. To
implement thisfeature, ais given by afunction of ice thickness: the areal
probability isinversely proportional to the stochasticice thickness X;:

(X,-(X,-) =

8 0,
51 ®)

The formula indicates that 1-m thick ice experiences dynamic
thickening at4% areal probability, while 3-mice experiences dynamic
thickening at 2% areal probability. Our firstimplementation of this
formula is based on an observational estimate of areal fraction of
dynamic thickening’®. According to the high-resolution survey of a
single dynamic event, thickening occurredin 4% of the survey area with
ameanice thickness of1.45 m. This formula also needs further evalu-
ation by comparing with future observations that address the rela-
tionship between areal probability of deformation and ice thickness.

Another parameter necessary for the modelis the number of dynamic
events, m, that is, external forcing that could cause mechanical frac-
turing of seaice and consequent ridging and/or rafting. We used the
number of Arctic cyclones that passes over theice pack as afirst-order
indicator of the number of dynamic events. Typically 90-130 cyclones
per year occur in the Arctic Ocean (40-60 cyclones in winter, 50-70
cyclones in summer)”. A typical size of an Arctic cyclone is approxi-
mately 3 x 10°km? (mean radius of approximately 10°km)”*, which
covers approximately one third of the ice-covered area of the Arctic
Ocean. We therefore assumed that one-third of all cyclones hits the
ice pack at a certain location in the Arctic, that is, the ice pack experi-
ences approximately 40 dynamic events per year. This corresponds
to approximately 80-240 dynamic deformation events for the typical
residence time of sea ice in the Arctic (2-6 years; Fig. 3a).

In addition, examples shown in Fig. 5 contain a simple thermody-
namic term to mimic the effect of modal peak shift of thickness distri-
bution due to thermodynamicice growth:

X=Xt c/Xi ©

where cis the thermodynamicice growth coefficient. This term comes

from a simplified thermodynamic process without thermal inertia of

seaice and heat flux from the ocean™:
dH _ Kice(Tf_ Ts)

dt = poliH (10)
where His theice thickness, k.. is the heat conductivity of ice, p;.. is the
icedensity, L;isthelatent heat of freezing, T;is the freezing temperature
of seaice and T is the temperature at the ice surface. We applied this
formula with a simplification, AH = ¢c/H, where AH is the ice thickness
change due to a thermodynamic process, cis a thermodynamicice
growth coefficient corresponding to Atk;.. (T;— T;)/ (piccL ). As the model
does not include a process that forms new thinice by lead opening,
inclusion of the thermal forcing term without a compensating term
makes the modal peak very steep after few years, that is, no ice exists
in thickness ranges thinner than the thermal equilibrium thickness.
To alleviate such an excessive modal peak generation and to take into
accounttheinsulating effect of the snow pack that substantially delays



thermodynamicice growth, we applied a moderate value, c = 0.015,
whichis about one-third of the value estimated from ¢ = Atk,.. (T; - T,)/
(picel ), where At ~9 d (corresponding to 40 dynamic events per year)
and annual mean surface air temperature of 7,=263 K.

Theinitial condition of the ice thickness distributionin Fig. 5is given
by athermodynamically grown sea ice without dynamic deformation,
X, This is also a stochastic variable, having a normal distribution for
simplicity:

-(x-p,)*

oy
203

1
X)) = ——
g(Xp) TTWOEXD

wherepu,=1.0and g, =0.25areappliedinthe examples (thatis,1 mmean
ice thickness with 0.25s.d., shownby m = 0 inFig. 5), which roughly cor-
responds to the thickness of new ice three months after its formation
(based on Anderson’s freezing degree days law®, with an assumption
of T, =253 K). Figure 5 shows examples of ice thickness distribution
after 60,120 and 180 dynamic events, roughly corresponding to1.5,3
and 4.5 years of residence time of seaiice.

The current formulation contains three parameters to describe
the dynamic ice thickening process: b (the proportionate thicken-
ing constant); a (the areal probability of dynamic thickening); and m
(the number of dynamic events). In this study, we briefly describe the
sensitivity of the ice thickness distributions to these parameters. In
general, asmaller (larger) thickening constant b decelerates (acceler-
ates) the dynamic thickening process, that is, asmaller b gives asmaller
variance and steeper modal peak of thickness distribution if « and m
are fixed. However, a large value of b (for example, b= 0.8, indicating
thatridged ice can be 1.8 times thicker than the ice before an event
at maximum) makes the distribution bimodal because the possible
thickness gain at each dynamic event is far from the modal thickness
and the ridged/rafted ice tends to generate another peak apart from
the mode. Therefore, the possible and realistic range of b should be
examined further together with the probability density function of
the thickening increment r by high-resolution observations in the
future. The areal probability of dynamic thickening, a, also affects the
evolution of the dynamic thickening process. A larger a« promotes
dynamic thickening because a larger fraction of pack ice can be
deformed at one event. The thickness dependency of the probability,
equation (8), decelerates further thickening of thick ice. Although val-
ues of band a affect the progress of dynamic thickening in the model,
we obtained similarice thickness distributions with alog-normal form
sooner or later, that is, smaller b and a can be compensated by alarge
m, the number of deformation events, indicating a robustness of the
formulation. The resulting shape of the distribution, its temporal evolu-
tion (Fig.5) and its comparison with the observed change indistribution
(Fig. 1b) suggest that the proposed stochastic ice thickening model
captures the essence of the dynamic thickening process that resulted
inthe observed changes inice thickness distribution.

Data availability

Theicethickness distribution data from the Fram Strait Arctic Outflow
Observatoryareavailable from the Norwegian Polar Data Centre, https://
data.npolar.no/dataset/b94cb848-3120-4f29-a827-298108e0d059. The
ice drift data are available at the National Snow and Ice Data Center
https://nsidc.org/data/NSIDC-0116/versions/4 (NSIDCv4). The sea
ice concentration data used are available at ftp://osisaf.met.no/
reprocessed/ice/conc/v2p0/ (0SI-409, superseded by OSI-450) and

ftp://osisaf.met.no/reprocessed/ice/conc-cont-reproc/vip2/(0SI-430).
The ERAS reanalysis product is available at https://cds.climate.coper-
nicus.eu/#!/home.

Code availability

The backward trajectory code is available at Zenodo https://zenodo.
org/record/7390660+#.Y40SL9LMIUF (https://doi.org/10.5281/
zenodo.7390659).

54. Melling, H., Johnston, P. H. & Riedel, D. A. Measurements of the underside topography of
sea ice by moored subsea sonar. J. Atmos. Ocean. Technol. 12, 589-602 (1995).

55. Fissel, D. B., Marko, J. R. & Melling, H. Advances in upward looking sonar technology for
studying the processes of change in Arctic Ocean ice climate. J. Oper. Oceanogr. 1, 9-18
(2008).

56. ASL Environmental Sciences. Data Processing and Analysis of Ice Keel Depths, Fram Strait,
2006-2007. Report for Norsk Polarinstitutt, Tromsg, Norway (ASL Environmental
Sciences, 2009).

57. Hansen, E. et al. Thinning of Arctic sea ice observed in Fram Strait: 19990-2011. J. Geophys.
Res. Oceans 118, 5202-5221(2013).

58. Huang, et al. Improvements of the Daily Optimum Interpolation Sea Surface Temperature
(DOISST) Version 2.1. J. Clim. 34, 2923-2939 (2021).

59. Sumata, H. et al. Decorrelation scales for Arctic Ocean hydrography—Part I: Amerasian
Basin. Ocean Sci. 14, 161-185 (2018).

60. Sumata, H., Kauka, F., Karcher, M. & Ridiger, G. Covariance of optimal parameters of an
Arctic sea ice-ocean model. Mon. Weather Rev. 147, 2579-2602 (2019).

61. Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999-2049
(2020).

62. Vinje, T. & Finnekasa, @. The ice transport through Fram Strait. Nor. Polarinst. Skr. 186, 1-41
(1986).

63. Kilnsch, H. R. The jackknife and the bootstrap for general stationary observations. Ann.
Stat. 17, 1217-1241 (1989).

64. Efron, B. & Tibshirani, R. J. An Introduction to the Bootstrap (Chapman & Hall, 1993).

65. Rodionoy, S. & Overland, J. E. Application of a sequential regime shift detection methods
to the Bering Sea ecosystem. ICES J. Mar. Sci. 62, 328-332 (2005).

66. Mahoney, A. R., Hutchings, J. K., Eicken, H. & Haas, C. Changes in the thickness and
circulation of multiyear ice in the Beaufort Gyre determined from pseudo-Lagrangian
methods from 2003-2015. J. Geophys. Res. Oceans 124, 5618-5633 (2019).

67. Kuninaka, H., Kobayashi, N. & Matsushita, M. Regularities hidden in complex systems—
around the lognormal distribution [in Japanese]. J. Phys. Soc. Jon 66, 658-665 (2011).

68. Rothrock, D. A. The energetics of the plastic deformation of pack ice by ridging. J.
Geophys. Res. 80, 4514-4519 (1975).

69. Hopkins, M. A. On the ridging of intact lead ice. J. Geophys. Res. 99, 16351-16360 (1994).

70. lItkin, P. et al. Contribution of deformation to sea ice mass balance: a case study from an
N-ICE2015 storm. Geophys. Res. Lett. 45, 789-796 (2018).

71.  Valkonen, E., Cassano, J. & Cassano, E. Arctic cyclones and their interactions with the
declining sea ice: a recent climatology. J. Geophys. Res. Atmos. 126, €2020JD034366
(2021).

72. Leppéranta, M. A review of analytical models of sea-ice growth. Atmos. Ocean 31,
123-138 (1993).

Acknowledgements This study has been made possible by the long-term observations from
the Fram Strait Arctic Outflow Observatory maintained by the Norwegian Polar Institute. This
work was supported by the Norwegian Research Council (grant no. 286971, project FreshArc)
and partly received funding from the European Union’s Horizon 2020 research and innovation
programme under grant no. 101003826 via project CRiceS (Climate Relevant interactions and
feedbacks: the key role of sea ice and Snow in the polar and global climate system). We thank
J. Haapala and M. Lensu for discussions about the proportionate ice growth model.

Author contributions H.S. and DV.D. conceptualized the study. H.S., DV.D. and M.A.G. devised
the methodology. H.S. processed the data, devised the theoretical model, carried out the
formal analysis and data visualization and wrote the original draft. H.S. and DV.D. carried out
the uncertainty assessments. H.S., L.d.S., DV.D., S.G. and M.A.G. carried out the investigation.
H.S., L.d.S., S.G., DV.D. and M.AG. reviewed and edited the manuscript. L.d.S. (FreshArc) and
M.A.G. (CRiceS) acquired the funding. L.d.S. was the project lead and organized the study.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-022-05686-x.

Correspondence and requests for materials should be addressed to Hiroshi Sumata.

Peer review information Nature thanks Andrew Mahoney and Yusuke Kawaguchi for their
contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://data.npolar.no/dataset/b94cb848-3120-4f29-a827-298108e0d059
https://data.npolar.no/dataset/b94cb848-3120-4f29-a827-298108e0d059
https://nsidc.org/data/NSIDC-0116/versions/4
ftp://osisaf.met.no/reprocessed/ice/conc/v2p0/
ftp://osisaf.met.no/reprocessed/ice/conc/v2p0/
ftp://osisaf.met.no/reprocessed/ice/conc-cont-reproc/v1p2/
https://cds.climate.copernicus.eu/#!/home
https://cds.climate.copernicus.eu/#!/home
https://zenodo.org/record/7390660#.Y4oSL9LMIUF
https://zenodo.org/record/7390660#.Y4oSL9LMIUF
https://doi.org/10.5281/zenodo.7390659
https://doi.org/10.5281/zenodo.7390659
https://doi.org/10.1038/s41586-022-05686-x
http://www.nature.com/reprints

Article

a Difference of September SST b SST in September

33— A: Alaskan sector
B: Siberian sector

== = detected regimes
detected regimes

SST [deg.C]

T u T T T u T
3 1992 1996 2000 2004 2008 2012 2016 2020
Time [year]

o
Difference of SST. [deg.C]

o
Temperature difference [deg.C]

Extended DataFig.1|Difference of seasurface temperature (SST) between temperature (July to September mean, 0-20 m) between the two periods

two periods1990-2006 and 2007-2019. (a) Difference of mean September calculated fromin-situ observational datasets®®°. The dashed linesin (b)
SST estimated from Daily Optimum Interpolated Sea Surface Temperature denote detected regimes by sequential t-test described in Methods. Matplotlib
dataset (DOISST ver.2.1)%®, (b) Time series of mean September SSTinseaice basemap toolkitis used to plot the map.

formation areas A and B, calculated from DOISST. (c) Difference of upper ocean



Residence time of ice floes
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Extended DataFig.2|Meanresidence time of seaiceinthe Siberiansector ofthe two polygons A and B. Theice formation areas A and Bare shownin Fig.3b
and the central Arctic. Theresidence timeis calculated by the backward inthe main text. The solid lines denote regimes detected by the sequential
trajectories described in Methods. The central Arcticis defined being outside t-test described in Methods.
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Ice thickness distribution in Fram Strait
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including openwater fraction (i.e., zero thickness bin) on monthly basis. Data processing procedures are described in Methods.
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Time series of ice thickness PDF
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Extended DataFig.4|Timeseries of ice thickness distributionin eachsite. Time series ofice thickness distribution observed by each moored ULS (F11to F14)
inFram Strait. The distributions are derived on monthly basis. Data processing procedures are described in Methods.
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processing procedures are described in Methods. The gray solid lines in
panels (a-c) show regimes detected by the sequential t-test.
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Extended Data Table 1| Summary of sequential t-test analysis of the regime shift detection

Province Variable Timing of the detected regime shift Corresponding figure & notes
(cut-off length: 7 years)
Fram Strait Variance of ice thickness PDFs Apr. 2007 Fig. 2c, ED Fig. 6¢
Modal peak height of ice thickness Apr. 2007 Fig. 2b, ED Fig. 6b
PDFs
Fraction of thick ice (> 5 m) Feb. 2008 Fig. 2d, ED Fig. 8
Fraction of thick ice (> 4 m) Feb. 2008 Fig. 2d, ED Fig. 8

Alaskan sector

Siberian sector

TransPolar Drift

Pan-Arctic

Modal ice thickness
September sea ice concentration
Westward ice drift speed

September sea surface
temperature

September sea ice concentration

Northward sea ice drift speed

September sea surface
temperature

Residence time of sea ice
Sea ice drift speed

Residence time of sea ice

Residence time of sea ice

Aug. 1998, Jul. 2007, Aug. 2011
1998, 2007
2007

2007

2005*

No shift detected**

2007

May 1998,
Nov. 2007

2007
Nov. 1999***,
Mar. 2004

Jan. 1993,
Sep. 2005,
Nov. 2007

ED Fig. 6a
Fig. 4c
Fig. 4d

ED Fig. 1b
Fig. 4c, *shift is detected in 2007
instead of 2005, if cut-off length of

3 or 4 years is applied.

Fig. 4d, **shift is detected in 2007 if
cut-off lengths longer than 8 years
are applied (shown in Fig. 4d).

ED Fig. 1b

ED Fig. 2

Fig. 4d

ED Fig. 2, *** only the 2004 shift is
detected if cut-off lengths longer
than 8 years are applied.

Fig. 3a




Extended Data Table 2 | Details of sequential t-test analysis of the regime shift detection

Province Variable [unit] Timing of the p-value Shift of the ~ Note
detected regime mean
shift (regime shift
index)
Fram Strait Variance of ice thickness PDFs [no dim.] 2007 (0.45) 6.6e-13 -0.87
Modal peak height of ice thickness PDFs 2007 (1.15) 1.5e-37 +0.38
[no dim.]
Fraction of thick ice (> 5 m) [%)] 2008 (1.09) 3.4e-45 -5.9
Fraction of thick ice (> 4 m) [%] 2008 (1.19) 3.2e-50 -9.7
Modal ice thickness [m] 1998 (0.76) 1.6e-14 -0.36
2007 (1.10) 5.4e-19 -0.35
2011 (0.17) 2.2e-10 -0.23
Alaskan sector September sea ice concentration [%)] 1998 (0.68) 2.6e-4 -21
2007 (0.40) 1.2e-4 -20
Westward ice drift speed [cm/sec] 2007 (0.29) 6.4e-5 +1.4
September sea surface temperature [°C] 2007 (0.49) 4.5e-4 +0.95
Siberian sector September sea ice concentration [%)] 2005 (1.14) 1.8e-8 -30
Northward sea ice drift speed [cm/sec] 2007* (0.32) 4.4e-3 +0.49 *the shift is detected with
cut-off length of 8 years
September sea surface temperature [°C] 2007 (0.21) 3.4e-4 +0.84
Residence time of sea ice [year] 1998 (0.48) 2.4e-7 -0.38
2007 (1.14) 2.8e-33 -0.76
TransPolar Drift Sea ice drift speed [cm/sec] 2007 (0.47) 9.6e-4 +0.86
Residence time of sea ice [year] 1999 (0.08) 6.8e-12 +0.65
2004 (1.16) 3.0e-25 -1.19
Pan-Arctic Residence time of sea ice [year] 1993 (0.19) 6.6e-11 -0.77
2005 (1.46) 1.2e-14 -0.75
2007 (0.06) 3.4e-14 -0.79
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