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1. Introduction

1.1 Observed changes in sea-ice extent

The sea-ice extent in the Arctic region has changed significantly after 2002, which is
an iconic indicator of climate change (Perovich et al., 2020). Sea ice coverage varies
by season, reaches its maximum mostly in March, and reaches its minimum extent in
September. The smallest declining trend happens in March, and the largest decreasing
trend happens in September from 1981-2010. Forsstrom et al., 2011, reveals that
September has the steepest decline that the rate of decline range in -12.8% =£2.3 per
decade in 1979-2018 (Mingle, 2020).

The decline in Arctic summer sea-ice extent has accelerated in the first decade of the
21st century, and the retreating rate of sea ice is faster than the IPCC model projected.
Over the past few decades, summer Arctic sea-ice extent has declined over 30% (Meier
et al., 2014). Summer sea-ice extent has been at or near record low level every year
since 2001, the extremely low state of sea-ice extent begins in 2002. Before 2001,
the decreasing trend of sea-ice extent is primarily in summer while not statistically
significant in winter, from 2002 onward winter decreasing trend becomes statistically
significant because of sea-ice albedo feedback (Mingle, 2020).

From 21 century, the periodical signal has disappeared and the rate of decline has
increased (Mingle, 2020). In the case of sea-ice extent variation in different Arctic
regions, in Beaufort, Chukchi, and Siberian Seas, there’s steepest summer sea-ice extent
decreasing trend. The Central Arctic have months with a zero trend because they
are completely ice-covered during the month in all years despite thinning happened,
other regions and months which do have significant trend are all negative. The sharp
decrease of sea-ice extent is related to atmospheric circulation (Arctic Oscillation) and
air temperature (Meier et al., 2007), Arctic surface air temperature has increased by
almost 4 times the global average over the last two decades, with feed-backs from loss
of sea ice and snow cover contributing to the amplified warming. And even though the
main process of Arctic sea-ice loss is melting, ice drift through the Fram strait is also
causing Arctic sea-ice loss (Smedsrud et al., 2011). Sea-ice extent decrease is induced

by human activities too, causing above mentioned changes in physical processes.
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1.2 Observed changes in sea-ice thickness

Change in sea-ice thickness distribution is dominated by thermodynamical and
dynamic processes. In the dynamic process, the divergence of sea ice turn to lead
opening, where thin ice grows afterward, and the convergence of sea ice is forming
pressure ridges. The thermal dynamic process is the growth and melting of sea ice
(Haas, 2017).

New satellite missions extended sea-ice thickness information, but long-term records
are sparse and short. Sea ice thickness uncertainties arises when satellites measure-
ment are used in sea-ice thickness derivation (Forsstrom et al., 2011) and ice density
(Zygmuntowska et al., 2014). There’s a strong need to lower the uncertainties of
sea-ice thickness data while integrating data from different measurement methods
faces difficulties (Meier et al., 2014). Satellite indicated a 40 % decline in sea ice
thickness in the last few decades and sea ice decrease has big inter-annual variability
(Meier et al., 2014). Mean Sea ice thickness has a seasonal cycle, the maximum
occurs in May, and the minimum in September. The amplitude of the seasonal
cycle is (1.840.8) meters. according to moored upward-looking sonar data (Hansen
et al., 2013), after 2005 — 2006, there’s a strong decrease in sea-ice thickness. Sea-ice
thickness distribution also has a regional difference, dynamic processes like ridging
and lead formation play an important role in sea-ice thickness evolution.

The sea-ice type has huge variation in recent decades: There’s substantial thinning in
multi-year ice but little change in first-year ice (Forsstrom et al., 2011), according to
submarine sonar measurements on sea-ice draft, multiyear thick ice portion decreased
in recent decades and seasonal thin sea-ice become dominate at the end of the
21" century, especially in spring (Meier et al., 2014; Oikkonen and Haapala, 2011).
Sea-ice is under further thinning process due to a continued increase in melt season
length (Laxon et al., 2003). Thinner sea ice leads to decreased mechanical strength,
increasing surface strength which leads to faster sea-ice drifting speed (Meier et al.,
2014). Sea-ice thinning results in the lead opening. There’s also negative feedback
of sea-ice loss that larger open water area which leads to efficient new ice growth in
winter (Smedsrud et al., 2011).

1.3 Observed changes in sea-ice motion

IABP (International Arctic Buoy Program) buoy trajectory data shows Arctic sea-ice
drifting speed has seasonal dependence, maximum in October and minimum in April

(Rampal et al., 2007). The positive trend of sea ice drifting speed is prevailing in
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most regions of the Arctic, and it is associated the decreasing trend of multi-year ice
coverage. Kwok et al., 2013 and Rampal et al., 2009a pointed out that the sea ice
mean speed and deformation rate has increased (17% per decade for winter,8.5% for
summer) more likely because of sea ice kinematics (increasing sea-ice strain rate), large
deformation rates affected the Arctic sea ice extent that sea-ice cover is shrinking which
is mentioned in the last paragraph. Kwok et al., 2013 indicates that sea-ice drifting
speed has a small decreasing trend in the last two decades of 20" century, while in the
first decade of the 21st century, sea-ice drifting speed variation rate is +23.6% /decade
in winter and +17.7%/decade in summer, this is associated to the decline of AO index.
It is still not clear if the trend is associated with the sparse sampling of buoy recording
(Zhang et al., 2022).

From 1979-2019, all seasons have a significant sea-ice drifting speed increase in the
Arctic region, while the increasing trend in autumn and winter is higher than that of
spring and summer. The rate of increase in sea-ice drifting speed also has a regional dif-
ference. Peripheral seas in the Pacific sector, the Beaufort, Chukchi, and East Siberian
Seas have a higher increasing rate of drifting speed than the Central Arctic and the
peripheral seas in the Atlantic sector and the Kara and Laptev Seas (Zhang et al.,
2022). The change of sea-ice drifting speed is related to regional winds, multiyear sea
ice coverage, ice export, ice thinning, rate of change of sea-ice drifting speed (Kwok
et al., 2013), Arctic Oscillation, air pressure, and North Atlantic Oscillation are also
factors influencing arctic sea-ice drifting (Zhang et al., 2022). Zhang et al., 2022 also
indicates that possible reason for the increasing Arctic sea-ice drifting speed is: the in-
crease of the speed of extreme wind events, reduced ice-thickness and ice-pack strength,
and increased ice mobility and deformation while wind forcing is unable to completely
account for the drift speed increase. The reason for using IABP(International Arctic
Buoy Program) data in study for observation of sea-ice motion is: The response of ice
kinematic to synoptic processes is instantaneous and highly intermittent, and that’s
why buoy data is being used, to have access to accurate, high temporal resolution sea-
ice velocity information. Problem unsolved in the previous study which is going to be
solved in the thesis: Spatial variation of the seasonality of sea ice is still waiting to be

examined.
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1.4 Equation of sea-ice drifting motions

air stress
sea ice
A velocity
’
’
’
’
’
Coriolis
internal
friction

water stress

Figure 1.1: A typical diagram of major forces in drifting sea ice (northern hemisphere) (Lepparanta,
2011)

Major forces in drifting sea-ice shown in Figure 1.1 are Air stress, Water stress,
Coriolis force, and internal Friction force. Sea-ice drifting motion on the sea surface

plane follows the following equations:
ph(22 +u-yu+ fkxu) =0+ 7, + 7w — pghB — h 7 pa

du
ot

acceleration term in horizontal plane is fk x u, where f = 2Qsin® is the Coriolis
Parameter, 0 = 7.292-10%s7! is the angular velocity of the Earth and @ is the latitude.

o is the internal ice stress, and 7/ - ¢ is the divergence of the stress tensor, which is

is the local acceleration term, u-s7u is the advective acceleration term, the Coriolis

the total net force per unit area due to the interaction between ice floes. 7, is the
atmosphere drag force and 7, is the water drag force. pghf is the sea surface tilt, this
term can be expressed in terms of the surface geostrophic current. h 7 p, is the air

pressure gradient term (Lepparanta, 2011).

1.5 Model development and projection for Arctic

sea-ice

Sea-ice properties changes are closely related to dynamic and thermal dynamic pro-
cesses, and models for this have been developed (Vihma and Haapala, 2009). Projecting
the future state of the Arctic sea ice requires a physical model. Coupled Model Inter-
comparison Project (CMIP) which began in 1995 provides century-scale sea-ice projec-
tions and it contributes to Intergovernmental Panel on Climate Change(IPCC) report
(Meier et al., 2014), it is under the ship of the World Climate Research Programme
(WCRP), CMIP collects the output of the experiments that the models performed.

CMIP provides projections for WCRP activities to help communities worldwide to un-
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derstand past, present, and future climate change. Coupled models are computer-based
models which make different climate parameters(such as ocean, land, atmosphere, and
ice) coupled together. CMIP models have varied performance compared with historical
observation records, so a subset of the model ensemble needs to be selected to make
better future projections. The subset of CMIP5 models overestimates the thickness of
thin ice while underestimating total sea-ice thickness and early autumn ice growth rate.
The model also indicates ice-free conditions in the 21 century, while different studies
have a different estimates on the exact decade. CMIP5 indicate an overestimate of
sea extent. The latest phase of CMIP is CMIP6. CMIP6 is the coupled model inter-
comparison project phase 6, there are currently already 23 CMIP6-Endorsed MIPs,
involving 33 modeling groups in 16 countries. (Notz and Community, 2020 indicates
CMIP6 has a widespread model output covering observation results, and it better than
CMIP5 simulates the sensitivity of September sea-ice area to Greenhouse gases emis-
sions, while it still fails to simulate the correct evolution of the sea-ice area. Compared
with CMIP5, CMIP6 improved the simulation of sea-ice mean state and trend over
the period of satellite observation. In CMIPG6 sea-ice areas also decline faster than in
CMIP5, leading to more open water. In the thesis, we are going to study sea-ice extent,
thickness, and motion in CMIP6 climate models and figure out CMIP6 performance
in simulating sea-ice properties compared with observations. In CMIP6 models we
adopt the historical experiment only, and six models are Representative for projecting
Arctic sea-ice evolution that we select based on previous study experience. They are
ACCESS-CM2, BCC-CSM2-MR, EC-EARTH3, GFDL-ESM4, MPI-ESM1-2-HR, and
NORESM2-LM.






2. Data availability

2.1 Observational data

Ananicheva et al., 2011 introduced measurement method of sea-ice extent: satellite-
based Passive microwave remote sensing instruments provide near complete record of
sea-ice extent after late 1978, that’s also the reason why studying period in the thesis
of sea-ice start from 1979. For the sea-ice extent study, the observational sea-ice con-
centration of the Arctic region and its corresponding grid cell area is obtained from the
dataset Gridded Monthly Sea Ice Extent and Concentration, provided by the National
snow and ice data center (NSIDC) (Walsh et al., 2017). Time series is from 1979-2014,
time resolution is monthly, spatial resolution is 0.25 degree x 0.25 degree in latitude-
longitude grid, the spatial range used in sea-ice extent analysis is from 40°N — 90°N.
For the sea-ice thickness study, satellite derived sea ice data was used. Dataset is Sea
Ice Thickness Climate Data Record (CDR) (ECMWF, 2015) provided by Copernicus
Climate Change Services (C3S) project, its spatial resolution is 25.0 km, range from
50°N — 81.45°N. Time series is from 2002-10-01 to 2015-04-01. Time resolution is
monthly, but Northern hemisphere sea ice thickness coverage is limited to the winter
months between October and April due to the effect that satellite echoes are weak
when ice is warm and wet. Variables used in the dataset are sea-ice thickness and
uncertainties. Dataset is based on Envisat and CryoSat-2 satellite mission.

For the sea-ice motion study, we use IABP dataset (Rigor, 2017). Buoy data are dif-
ferent from gridded data, data points are distributed unevenly in the Arctic regions,
so there’s not fixed spatial resolution. The spatial coverage selected in the study is
50°N — 90°N. Time resolution is daily, and temporal coverage is 1979-2014. In the
IABP dataset, there are 7 columns of variables which are respectively: buoy iden-
tification number, day of the year, latitude, longitude, ice velocity x-component, ice
velocity y-component, and magnitude of ice velocity which is sea-ice drifting speed.
The buoys are deployed on sea ice and drift according to the sea-ice motion. (Ram-
pal et al., 2007). Different type of positioning system embarked on the buoy leads to
uncertainties ranging from 100-300 meters (Thomas, 1999).

7
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Table 2.1: Modeling data properties

Model name experiment | spatial resolution variant label
EC — FEarth3 historical 100km r10ilplfl
ACCESS — CM?2 historical 250km rbilplfl
BCC —-CSM2—- MR historical 100km r3ilplfl
GFDL — ESM4 historical 50km rlilp1fl
MPI — ESM1—-2—-HR historical 50km r10ilplfl
NorESM — LM historical 100km r3ilplfl

2.2 Modelling data

All the modeling data used for sea-ice extent, sea-ice thickness, and sea-ice motion
studies are CMIP6(coulped model inter-comparison project phase 6) data, which is
available at Earth System Grid Federation (ESGF, 2022). The six models selected are
ACCESS-CM2, BCC-CSM2-MR, EC-EARTH3, GFDL-ESM4, MPI-ESM1-2-HR, and
NORESM2-LM. For all sea-ice properties, the realization number chosen in a certain
CMIP6 model needs to be the same, but different CMIP6 models don’t need to have
the same realization number, because it is not practical.

For sea-ice extent, variables used are sea-ice concentration and grid cell area for ocean
variables, temporal resolution is monthly and spatial coverage is 40°N —90°N. For sea-
ice thickness, the variable used is sea ice thickness, temporal resolution is monthly and
spatial coverage is 50°/N — 90°N. For sea-ice motion, variables used are X-Component
of Sea-Ice Velocity and Y-Component of Sea-Ice Velocity, temporal resolution is daily
because IABP data is daily data, we need to capture observed and model sea-ice motion
of the same temporal scale. Spatial coverage is 50° N — 90°N.

Table 2.1 shows some common properties of modeling data. (Parodi-Perdomo, 2019,
Dix et al., 2019, Krasting et al., 2018, Wu et al., 2018, Jungclaus et al., 2019, Seland
et al., 2019)



3. Analysis method

To examine if these six CMIP6 models selected for this study function well in simu-
lating Arctic sea-ice evolution, we inspect sea ice extent, sea-ice drifting speed, and
sea-ice thickness. Among the three sea-ice properties, only sea-ice thickness data can
be used without pretreatment. In ACCESS-CM2, NORESM2-LM, and EC-EARTH3
models, sea-ice drifting speed is provided as a scalar quantity, in BCC-CSM2-MR,
MPI-ESM1-2-HR models, sea-ice velocity data is provided as vectors which have two
parameters: x component of sea-ice velocity and y component of sea-ice velocity, so

sea-ice drifting speed is calculated based on following equations.

seaicespeed = /EW component of sea ice velocity? + NS component of sea ice velocity?
We unify the scale of analysis to monthly, so daily data of sea-ice drifting speed
need to be converted to monthly data. For CMIP6 model data, it is much easier,
since the longitude and latitude coordinate doesn’t change throughout the whole
period. While for buoy data, since there is a substantial amount of buoys in each
day’s observation, different buoy follows different drifting routes which makes sea-ice
drifting speed information distribute unevenly in the spatial and temporal case. To
solve this problem, we define a longitude and latitude grid which is 1° x 1°, then
for each grid cell, we sum up all the value of data points that fall into this grid cell,
and divide the summation by the total number of the data points, when there are at
least two data points. To be further noted, those values which are above 0.5m/s are
not taken into account. This is a threshold that we set by ourselves which might not
be completely accurate, but plausible. Sea ice speed usually doesn’t exceed 0.5m/s,
unexpected values might be caused by misplacement of buoys. The region selected is
50°N —90°N, 0 — 360°. We convert sea-ice drifting speed CMIP6 modeling daily data
to monthly data by averaging data in each months. Different CMIP6 model data has
different spatial resolution, but it does not need to be unified.

Sea-ice extent is calculated based on sea-ice concentration data and grid cell area, no
matter the observation data or CMIP6 model data. Kern et al., 2019 showed that the
Arctic sea-ice extent(SIE) is computed as the total area of all grid cells where the
sea-ice area fraction exceeds 15%.

To calculate the trend of sea-ice properties, sea-ice drifting speed and sea-ice thickness
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need to have regional average values for each month, in this case, all the values in the
region in which we concerned need to make an average. For sea-ice drifting speed, it
is fair enough to simply make an average of all values in the concerned region. While
for regional average sea-ice thickness, sea-ice concentration needs to be taken into
account, since in each grid cell, the sea-ice area is different. Regional mean sea-ice

thickness is calculated based on the equation:
s — Z sea ice concentration Xocean grid cell areax sea ice thickness

average sea ice thicknes S sea ice concentrationx ocean grid cell area

which means total sea-ice volume divided by total sea-ice area. According to the
definition of sea ice extent, a grid cell where sea-ice concentration is lower than 15%
is not taken into account when doing summation.

As Zhang et al., 2022 stated, peripheral seas in the Pacific sector have a higher
increasing rate of sea-ice drifting speed than the Central Arctic and the peripheral
seas in the Atlantic sector, the inspection of regional difference for sea-ice drifting
speed is essential. According to Maeda et al., 2020 who defined three Arctic regions to
do Arctic ice drift analysis, we similarly divide the Arctic into three regions. regionl
(T0°N — 80°N, 120°W — 180°W) include Chukchi Sea and Beaufort Sea, region2
(7T0°N — 80°N,100°FE — 180°F) include the Laptev sea and East Siberian, region3
(80°N — 90°N) is central Arctic region. This region segmentation certainly applies to
the study of sea-ice drifting speed, and since the redistribution of sea-ice thickness
has a close relation to sea-ice drifting and deformation, we also study Arctic sea-ice
thickness in the three regions above and compare them. Our statistic method is an
independent samples t-test.

We first create a null hypothesis:

Ho :pp = po

The alternative hypothesis is:

Ho @ pin # po

First, calculate the average of the variances for the two groups: Sp = S? + 52

Then Calculate the test statistic:

)
spa/ 1/n1+1/n2
Then calculate the degree of freedom:

dy =mni +ng

x1 represent group 1, which in this study refers to monthly averaged model data, x-
represent group 2, which in this study refers to monthly averaged observation data,
ni, Ny means the number of data points in group 1 and group 2 respectively. Select
significance level as 0.05, then compare calculated t with ¢y 054 ;

If the test statistic is lower than t0.05,d;, We fail to reject the null hypothesis, if it is

higher than tg 54, we can reject.



4. CMIP-6 models

Basic information of CMIP6 model is in Table 4.1

4.1 EC-Earth3

EC-Earth is a modular Earth system model (ESM) that is collaboratively developed by
the European consortium with the same name. The current generation of the model,
EC-Earth3, was developed after CMIP5, and CMIP6 experiments are using version 3.3
(Doscher et al., 2022a). The Sea ice component of the EC-Earth3 model is version 3.6
of the Louvain-La-Neuve ice model. A set of variables (ice concentration, volume per
unit area, ice and snow enthalpy, and salt content) is characterized five ice categories.
It uses the sea ice thickness distribution framework, conservation of horizontal momen-
tum(vertical sea-ice motion neglected), and elastic-viscous-plastic rheology. Thermo-

dynamics it is following energy-conserving halo-thermodynamics. Model resolution is
1.0° x 1.0° (Déscher et al., 2022b).

4.1.1 Sea ice extent

Monthly mean/max/min Modeling SIE(EC-Earth3})
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Table 4.1: Thermodynamical model, ice dynamic, ice category, and resolution of CMIP6 models(*

an extra open water layer; ** 720 zonalx576 meridional points; *** Resolution 1/4 ° meridionally

at the equator, gradually approaching more isotropic grid cells at higher latitudes; **** SIS: sea ice

simulator)
Th d ical I Resoluti
Models ermodynamica ce | Tee dynamics esolution
model categories (°, lat x lon)
ITD frame work
EC — Earth3 5 ] 1.0 x 1.0
Energy Conserving EVP dynamics
Halo thermodynamics
CICE5.1.2,
Multil
ACCESS - mwer 5+1* 1258 lat x
Mo thermal dynamics, LANL CICE5.1, | 1 876 on
albedo scheme EVP dynamics
incremental
linear remapping
SIS4****,
BCC—-CSM2— | SIS4, Semtner’s ther- 4+1% EVP dynamics, 1.0 x 1.0
MR modynamic process MOM4 140
SIS2, energy- 5 0.5 x 0.5
GFDL — ESMA4 conserving model EVP dynamics, nominally™*
Modified Upwind
scheme
. lasti
MPI—ESM1— 1 VIREOPSHE 0.4 x 0.4
9O _ HR zero-layer rheology
Thermodynamic model,
NorESM — LM | Mushy layer thermo- | 5 EVP dynamics | 1 x 1/4-1 **

dynamics
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Figure 4.1: EC-Earth3 output sea-ice extent mean, maximum and minimum, the X-axis is the
month, Y-axis is sea ice extent, the green line is the maximum sea ice extent of all 36 years from

1979-2014, the blue line is the mean sea ice extent, and the orange line is the minimum sea ice extent.
Figure 4.1 shows the seasonal cycle of monthly sea-ice extent in the EC-Earth3
model simulation. Maximum, mean, and mean sea ice extent follow a similar seasonal
cycle. The maximum sea ice extent month happens in March when sea ice extent can
reach up to 20.61 x 10%km?, and the minimum sea ice extent happens in August
when minimum sea ice extent can reach down to 6.98 x 10°km?. sea ice extent in
September pretty much approach August. There is a slight difference between August
and September in the maximum and mean sea ice extent lines, but sea ice extent
recovers rapidly after September. Similarly, sea ice extent declines rapidly after April.

The seasonal cycle amplitude (estimated from mean sea ice extent) is approximately
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Figure 4.2: EC-Earth3 output sea ice extent trend.

Figure 4.2 shows the annual variation of EC-Earth output sea-ice extent between
1979-2014. The black line is the variation of sea-ice extent; the red line is the linear
regression trend of sea-ice extent. It shows that sea-ice extent overall has a decreasing
trend in 36 years, it decreased by 17.41%.
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Figure 4.3: EC-Earth3 output detrended sea ice extent
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Detrended sea ice extent is shown in Figure 4.3, where the red color indicates a
positive phase of sea ice extent, blue color indicates a negative phase of sea ice extent.

There’s decadal variation of sea-ice extent.

4.1.2 Sea-ice thickness

Sea-ice thickness(EC-Earth3)
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Figure 4.4: EC-Earth3 output monthly average sea-ice thickness distribution from 1979-2014
Figure 4.4 shows the seasonal distribution of sea-ice thickness. August has the
maximum sea-ice thickness, while December has the minimum. Concerning regional
differences, the whole year round, the central arctic and Canadian archipelago always
have the thickest sea ice, followed by Sea East Siberian sea, the Laptev sea and, the
Chukchi Sea and the Beaufort Sea. Fast Greenland sea, Barents sea, and the Kara

Sea have comparatively low sea-ice thickness.
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Figure 4.5: EC-Earth3 output time series of sea ice thickness from 1979-2014 in region 1
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Figure 4.6: EC-Earth3 output time series of sea ice thickness from 1979-2014 in region 2
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Figure 4.7: EC-Earth3 output time series of sea ice thickness from 1979-2014 in region 3
Figures 4.5-4.7 show the variation trend of sea-ice thickness between 1979-2014
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in three different regions. The X-axis is the year, Y-axis is thickness, the red line is
the summer trend, and the blue line is the winter trend. In all three regions, summer
sea-ice thickness is higher than winter. Regionl has the largest summer-winter
difference, region?2 is the second, and region 3 has the smallest seasonal difference.
Region 3 generally has higher sea-ice thickness than the other two regions, and Region
2 has a higher sea-ice thickness magnitude than region 1. In Region 1, in summer
seasons, sea-ice thickness decreased by 23.79%; in winter seasons, sea-ice thickness
decreased by 29.10%. In region 2, in summer seasons,sea-ice thickness decreased by
22.00%:; in winter seasons, sea-ice thickness decreased by 24.28%. In region 3, summer
sea-ice thickness decreased by 27.45%, and in winter seasons, sea-ice thickness
decreased by 26.94%. Overall, sea-ice thickness has a faster decreasing rate in winter

in regionsl, and 2, while it has a faster-decreasing rate in summer in region3.
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Figure 4.8: Regional comparison of EC-Earth3 output sea-ice thickness

In Figure 4.8, we compared sea-ice thickness within three Arctic regions. The
x-axis is the month; y-axis is sea ice; the bar represents the range of sea-ice thickness
among all time. The orange box represents Regionl, the pink box represents Region2,
and the blue box represents Region3. We can see that Region 3 has the most stable
sea-ice thickness all year round, while regionl and region2 have considerable seasonal
fluctuation of sea-ice thickness. In regionl, sea-ice thickness reaches its maximum in
August and its minimum in December; Region2 has the maximum sea-ice thickness in
July and the minimum in November. Region 3 has its maximum sea-ice thickness in
August and its minimum sea-ice thickness in November. When the sea-ice thickness
is low, like in October, November, December, and January February, sea-ice thickness
has a considerable regional variation; in other seasons, when sea-ice is thicker, there
is minor regional variation. From December to May, sea-ice is thickest in region 3,

followed by region 2, and region 1 has the thinnest sea ice. In October and November,
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region 2 became the region with the thinnest sea ice. In June and July, region 2 has
the thickest sea ice. In August and September, sea-ice thickness in all three regions
is similar. Regarding annual variation, region 2 has the most comprehensive range of

sea-ice thickness, demonstrated by taller boxes.

4.1.3 Sea-ice motion

Arctic sea-ice motion is illustrated by sea-ice drifting speed. Like sea-ice thickness,

sea-ice motion is also studied in three Arctic regions.
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Figure 4.9: EC-Earth3 output monthly average sea-ice drifting speed distribution from 1979-2014

Figure 4.9 shows the monthly average sea-ice drifting speed from 1979-2014,
which tightly coped with sea-ice thickness distribution shown in 4.4. Sea-ice drifting
speed distribution has regional and seasonal differences. The region and month with
the slowest sea-ice motion correspond with the region and month with the thickest
sea-ice. Canadian archipelago has the slowest sea-ice motion, followed by North
Baffin Bay and the central Arctic region. High sea-ice drifting speeds are mostly
concentrated in Peripheral ice regions, such as the Barents sea, Kara sea, and Chukchi

sea. Some marginal Arctic area has high drifting speed due to model simulating error.
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Figure 4.10: EC-Earth3 time series drifting speed from 1979-2014 in region 1
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Figure 4.11: EC-Earth3 output time series of sea ice drifting speed from 1979-2014 in region 2
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Figure 4.12: EC-Earth3 output time series of sea ice drifting speed from 1979-2014 in region 3

Figure 4.10-4.12 shows the annual variation and summer, winter trend of sea-
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ice drifting speed in region 1,2 and 3 respectively. There is a positive trend in three
regions, summer and winter. It is tightly coped with the decline of sea-ice thickness.
In EC-Earth3 model output, in region 1, summer sea-ice drifting speed increased by
6.55%, and winter sea-ice drifting speed increased by 16.71%. In region 2, summer
sea-ice drifting speed increased by 12.94%, and winter sea-ice drifting speed increased
by 25.05%. In region 3, summer sea-ice drifting speed increased by 18.76%, and winter
sea-ice drifting speed increased by 23.81%. Generally, wintertime sea-ice speed has a
faster acceleration. In regionl and region2, the summer month sea-ice drifting speed
is significantly higher than that in the winter month, and in region 2, the seasonal
difference is the biggest seasonal difference. In region 3, before the 21st century, summer
sea-ice drifting speed is slightly higher than that in winter, but after the 21st century,

summer and winter trend lines pretty much approach each other.
Sea ice drifting speed in different regions(EC-Earth)

0175 o or i
[s]
8
Ie} [s]
0.150 o o og
b o
@ ro
]
2 0125 a o 8
[=1]
=
£ 0100
= o
w s}
= 0075
@ o
;]
0.050 (o]
[ Regionl
0.025 m| Reg!on2
[ Region3
1 i 3 1 5 & 7 B 3 wou 2

Month

Figure 4.13: Regional comparison of EC-Earth3 output sea-ice drifting speed

In Figure 4.13 box plots compare sea-ice drifting speed in regions 1,2 and 3 in
each season. The orange box is region 1, the pink box is region2, and the blue box
is region 3. The seasonal cycle is clearly shown in the figure. In region 1, minimum
sea-ice drifting speed occurs in April, and maximum sea-ice drifting speed occurs in
October. In region 2, minimum sea-ice drifting speed occurs in April and maximum in
September. In region 3, the minimum sea-ice drifting speed happens in May, and the
maximum happens in August. Region 3 has the smallest seasonal fluctuation compared
with regions 1 and 2. Regionl and region2 have similar seasonal cycle amplitude. In
summer seasons, from May to September, region 2 has the highest sea-ice drifting speed
in the whole arctic, while in winter seasons, from October to March, region 1 has the
fasted sea-ice drifting speed. Generally, there is the slowest sea-ice motion all year
round, but the sea-ice drifting speed in region3 can still exceed at least drifting speed
in the region2 from January to April, and in April, region 3 has the highest sea-ice

drifting speed. The regional difference is large when sea-ice drifting speed is high like
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in winter months, and when sea-ice motion has a comparatively stable state like April

and May, there is a less regional difference.

4.2 ACCESS-CM2

ACCESS is the Australian Community Climate and Earth System Simulator.
ACCESS-CM2 comprises the UKMO UM atmospheric model, the CABLE land surface
model, the GFDL MOMSJ5 ocean model at 1-degree resolution, the LANL CICE5.1 sea
ice model, and the OASIS-MCT coupler. ACCESS-CM2 implemented the 2012 release
of MOM model version 5 as the ocean component. The sea ice model CICE version
5.1.2 is the sea ice component (Bi et al., 2020). The model has an ice thickness distri-
bution that divides the ice into categories that evolve throughout the simulation due to
thermodynamic growth and melt and mechanical redistribution /ridging of the ice. The
ice thickness distribution is represented by five ice thickness categories and an open
water ice-free area. Multi-layer thermal dynamics are implemented in CICE5. CICES
also uses an albedo scheme. Spatial resolution is 1.258 latitude by 1.8758 longitude
CICES uses an elastic-viscous-plastic dynamical scheme (III, 1979) for the internal ice

stress, and an incremental linear remapping for the ice advection term.

4.2.1 SIE
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Figure 4.14: ACCESS-CM2 output sea-ice extent mean, maximum and minimum
Figure 4.14 shows the seasonal cycle of sea-ice extent in ACCESS-CM2 model
output, legends are same as Figure 4.1. sea-ice extent reaches the maximum in March
up to 18.32 x 105km? and minimum in September down to 4.07 x 106km?. The seasonal
cycle of sea-ice extent amplitude is approximately 5.06 x 10°km?. The sea-ice extent

has a rapid decrease from May on; after it reaches a minimum in September, it recovers
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rapidly.
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Figure 4.15: ACCESS-CM2 output sea ice extent trend
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Figure 4.15 shows the annual variation between 1979-2014 and the overall trend.

It clearly shows that the Arctic sea-ice extent has a seasonal cycle, as demonstrated

in Figure 4.14, and sea-ice extends decreasing in the 36 years, and it decreased by

14.60%. However, sea-ice extent still has an annual cycle, the sea-ice extent

decreasing from 1979-1990, and after that, there is a recovery period between 1990

and 1996, after 1996 sea-ice extent starts to decrease again, until 2004, from

2004-2014 is another sea-ice recovery period.
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Figure 4.16: ACCESS-CM2 output detrended sea ice extent
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Figure 4.16 shows the detrended sea-ice extent for all the seasons from 1979-2014.

There’s decadal variation.
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4.2.2 Sea-ice thickness
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Figure 4.17: ACCESS-CM2 output monthly average sea-ice thickness distribution from 1979-2014

Figure 4.17 shows the monthly average sea-ice thickness distribution of the
ACCESS-CM2 model’s output. Even though there are seasonal variations, the re-
gional distribution in each month are pretty similar. Thin ice is mainly distributed
in the Peripheral Arctic, especially in the Kara Sea, Barents Sea, and the eastern
Greenland Sea. The thickest sea ice is concentrated on the north part of Beaufort Sea,
Chukchi Sea, East Siberian Sea, Laptev Sea, central Arctic region, and east coast of

Greenland.
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Figure 4.18: ACCESS-CM2 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 1
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Figure 4.19: ACCESS-CM2 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 2
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Figure 4.20: ACCESS-CM2 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 3

Figure 4.18-4.20 show the variation trend of sea-ice thickness between 1979-2014
in three different regions. During the whole time, especially after 1996, all regions
sharply decreased sea-ice thickness in both summer and winter. In region 1, summer
sea-ice thickness decreased by 40.68%; winter sea-ice thickness decreased by 41.22%.
In region 2, summer sea-ice thickness decreased by 38.98%; winter sea-ice thickness
decreased by 35.20%. In region 3, summer sea-ice thickness decreased by 45.43%, and
winter sea-ice thickness decreased by 38.88%. In all the regions, summer sea ice is
thicker than winter sea ice. However, since summer sea-ice thickness has a more rapid
decreasing rate, the seasonal difference in sea-ice thickness is greatly reduced by the

end of the studying period.
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Figure 4.21: Regional comparison of ACCESS-CM2 output sea-ice thickness
Figure 4.21 shows the box plot comparing sea-ice thickness in three regions each
month. The ACCESS-CM2 model output sea-ice thickness results in three regions
are considerably unified. In June, sea-ice thickness in regions 1,2, and 3 reaches the
maximum. Region 1 and Region2 have the thinnest sea ice in November, while Region
3 has the thinnest sea ice in October. Except for September, sea-ice thickness is higher

in the central Arctic than in the other two regions.
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4.2.3 Sea-ice motion
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Figure 4.22: ACCESS-CM2 output monthly average sea-ice drifting speed distribution from 1979-
2014

Figure 4.22 shows the monthly average sea-ice drifting distribution from 1979-
2014. Synchronized with sea-ice thickness output by the ACCESS-CM2 model, the
Arctic region with thin ice coverage tends to have fast sea-ice drifting speeds. From
January to May, the Chukchi sea has comparatively low sea ice drifting speed; from
June to August, the drifting speed of the Chukchi Sea gradually increases, and from
September to December, it maintains a fast sea-ice motion in the Chukchi Sea. All year
round, compared with other regions, the Greenland Sea, Barents Sea, and the Laptev
Sea always have a higher sea-ice drifting speed, and Central Arctic and Canadian
Archipelago have slow sea-ice motions. The Greenland Sea has the biggest seasonal

variation.
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Figure 4.23: ACCESS-CM2 output time series of sea ice drifting speed from 1979-2014 in region 1
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Figure 4.24: ACCESS-CM2 output time series of sea ice drifting speed from 1979-2014 in region 2
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Figure 4.25: ACCESS-CM2 output time series of sea ice drifting speed from 1979-2014 in region 3
Figure 4.23-4.25 shows the annual variation and summer, winter trend of

ACCESS-CM2 output sea-ice drifting speed in region 1,2 and 3 respectively. In the
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Arctic region, the ACCESS-CM2 model provided a positive trend result of sea-ice
drifting speed both in summer and winter, and summer sea-ice motion is faster than
in winter. Region2 has the biggest seasonal variation of sea-ice drifting speed, followed
by regionsl and region3. Even though region3 has the smallest seasonal variation, it
still has more seasonal variability than EC-Earth3 output. In region 1, in summer,
sea-ice drifting speed increased by 4.44%, and winter increased by 32.32%. In region
2, in summer, sea-ice drifting speed increased by 11.96%, and winter increased by
34.16%. In region 3, in summer, sea-ice drifting speed increased by 17.15%, and winter
increased by 14.25%. There is a rapid increase in sea-ice motion in regionl and 2
in winter, much higher than in summer. Only in region3 does sea-ice motion have a

slightly faster increasing rate in summer than in winter.
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Figure 4.26: Regional comparison of ACCESS-CM2 output sea-ice drifting speed

Figure 4.26 compares sea-ice drifting speed between three regions for each month.
It shows that Region 2 has the most significant seasonal cycle amplitude, and region
3 has the slightest seasonal fluctuation. In regionl and region2, sea-ice drifting speed
reaches the minimum in March and maximum in September. In region 3, sea-ice drifting
speed reaches the minimum in May and the Maximum in August. From January to
April, region 3 has the fastest sea-ice motion; In May, September, November, and
December, Region 1 has the fastest sea-ice drifting speed. In June, July, August, and
October, region 2 has the highest sea-ice drifting speed. From December to May, region
2 has the slowest sea-ice motion; from June to November, region 3 has the slowest sea-

ice motion. There is a prominent regional difference in most of the seasons.
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4.3 BCC-CSM2-MR

BCC-CSM2-MR is a medium-resolution version of the Beijing Climate Center (BCC)
Climate System Model, and its resolution is 1 latitude x 1 longitude with a tri-pole grid
BCC-CSM2-MR performed under CMIP6-prescribed historical forcing. BCC-CSM2-
MR well captures observed global warming trends of surface air temperature from 1950
to 2014. Its thermal dynamical model is SIS4, including Elastic-viscous-plastic dynam-
ical processes and Semtner’s thermodynamic processes. Snow albedo 0.8, ice albedo
0.5826 sea-ice components are presented by Modular Ocean Model version4(MOM4)
and Sea Ice Simulator version 4 (SIS4), and five categories of sea ice (including open
water) are considered. Dynamics: MOM4 L40 adopts some mature parameterization
schemes, including Sweby’s tracer-based third-order advection scheme, the isopycnal
tracer mixing and diffusion scheme, the Laplace horizontal friction scheme, the KPP
vertical mixing scheme, the complete convection scheme, the overflow scheme of topo-
graphic processing of sea bottom boundary /steep slopes, and the shortwave penetration
schemes based on the spatial distribution of the chlorophyll concentration (Ddscher
et al., 2022b).

4.3.1 Sea ice extent
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Figure 4.27: BCC-CSM2-MR output sea-ice extent mean, maximum and minimum
Figure 4.27 shows the seasonal cycle of sea-ice extent in the BCC-CSM2-MR
model projection. Sea-ice extent reaches the maximum in March, up to 15.36 x 108km?,
minimum in September down to 3.60 x 10°%km?. Sea-ice extent decreases rapidly after
April; after it reaches the minimum in September, sea-ice extent recovers quickly.

Seasonal cycle amplitude is approximately 4.68 x 10°km?.
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Figure 4.28: BCC-CSM2-MR output sea ice extent trend

Figure 4.28 shows the annual variation and trend between 1979-2014. Overall

there is a negative trend in sea-ice. However, there are fluctuations in the variation of

sea-ice extent, which means a smaller period of sea-ice recovery also exists. Over the
36 years, sea-ice extends decreased by 10.76%.
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Figure 4.29: BCC-CSM2-MR output detrended sea ice extent

Detrended sea ice extent is shown in Figure 4.29. In the summer seasons, there is

an alternation between the positive and negative phases, but Figure 4.29 doesn’t show

a clear variation in winter. It means summer has more variation of a sea-ice extent

than winter.
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4.3.2 sea-ice thickness
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Figure 4.30: BCC-CSM2-MR output monthly average sea-ice thickness distribution from 1979-2014

Figure 4.30 shows the monthly average sea-ice thickness distribution of the BCC-
CSM2-MR model’s output. BCC-CSM2-MR projected a thin sea-ice thickness in the
Arctic region compared with other model projection results. In summer, only the
central Arctic and Canadian Archipelago have marginally thicker sea ice; in winter,
other than the two regions listed above, Beaufort Sea, Chukchi Sea, East Siberian Sea,

Laptev Sea, and the Kara Sea have enhanced sea-ice thickness.
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Figure 4.31: BCC-CSM2-MR output inter-annual variability of regional average sea-ice thickness
from 1979-2014 in region 1
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Figure 4.32: BCC-CSM2-MR output inter-annual variability of regional average sea-ice thickness
from 1979-2014 in region 2
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Figure 4.33: BCC-CSM2-MR output inter-annual variability of regional average sea-ice thickness
from 1979-2014 in region 3

Figure 4.31-4.33 show the variation trend of sea-ice thickness between 1979-2014
in three different regions. Different from EC-Earth3 and ACCESS-CM2 model results,
in BCC-CSM2-MR model projection results, in the whole Arctic region, winter sea-ice
thickness is higher than summer sea-ice thickness. Almost every year, the thinnest sea-
ice thickness occurs in one of the summer months. In general, there is a decreasing trend
for sea-ice thickness. In region 1, summer sea-ice thickness decreased by 19.41%; winter
sea-ice thickness decreased by 17.85%. In region 2, summer sea-ice thickness decreased
by 56.46%; winter sea-ice thickness decreased by 25.37%. In region 3, summer sea-ice
thickness decreased by 33.37%; winter sea-ice thickness decreased by 20.4%. Sea-ice
thinning happens more robustly in summer than in winter, especially in region2 and
region3. The sharpest sea-ice thinning happens in the summer season in region 2,
where sea-ice thickness decreases by more than half. The Arctic region has a significant

seasonal variation of sea-ice thickness.
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Figure 4.34: Regional comparison of BCC-CSM2-MR output sea-ice thickness
Figure 4.34 compares three regions each month for BCC-CSM2-MR output sea-
ice thickness. Seasonal variation appears to be very synchronized in regions 1,2, and
3. The thickest sea-ice condition happens in May, and the thinnest sea ice occurs in
October for regionl and in September for regions 2 and 3. Region 3 always has the
thickest sea ice, and region 1 has the thinnest sea ice. Among all the three regions,

region 2 has the biggest annual variation.
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4.3.3 sea-ice motion
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Figure 4.35: BCC-CSM2-MR output monthly average sea-ice drifting speed distribution from 1979-
2014

Figure 4.35 shows the monthly average sea-ice drifting speed from 1979-2014.
There is a vast regional difference, particularly in the winter months. The high sea-ice
drifting speed area is concentrated in the Greenland Sea and the Barents Sea. From
November to February, high sea-ice drifting speed also occurs in the Chukchi Sea. Low

values in the marginal sea are likely to be algorithm errors.
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Figure 4.36: BCC-CSM2-MR output time series of sea ice drifting speed from 1979-2014 in region 1
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Figure 4.37: BCC-CSM2-MR output time series of sea ice drifting speed from 1979-2014 in region 2
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Figure 4.38: BCC-CSM2-MR output time series of sea ice drifting speed from 1979-2014 in region 3
Figure 4.36-4.38 shows the annual variation and summer, winter trend of BCC-

CSM2-MR output sea-ice drifting speed in region 1,2 and 3 respectively. In the Arctic,
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Summer has faster sea-ice motion than winter. Sea-ice drifting speed is increasing.
In region 1 in summer, sea-ice drifting speed increased by 3.9%, in winter increased
by 16.51%, and at the end of the studying period, winter speed slightly exceeded
summer speed. In region 2, in summer, sea-ice drifting speed increased by 34.18%, and
winter increased by 18.09%. In region 3, in summer, sea-ice drifting speed increased by
14.52%, and winter increased by 16.14%. There is no sharp increase in sea-ice motion
except summer in region2. According to BCC-CSM2-MR model projection, annual
variation and seasonal variation are not as big as in other models. In regionl, there is
the biggest seasonal variation and sea ice motion is constantly faster than region 2; in
region3d summer trend line and winter trend line approach each other, which means a

small seasonal variation.
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Figure 4.39: Regional comparison of BCC-CSM2-MR output sea-ice drifting speed

Figure 4.39 compares the BCC-CSM2-MR output sea-ice drifting speed between
three regions for each month. There is a slight seasonal fluctuation in the Arctic region,
which corresponds with the above result. Region 1 has the slowest sea-ice motion in
May and the fastest sea-ice motion in November when it far exceeds the other two
regions. Region 2 has the slowest sea-ice motion in April and the fastest sea-ice motion
in August. Region 3 has the slowest sea-ice motion in May and the fastest sea-ice motion
in August. From December to March, sea-ice drifting speed in region 2 is exceedingly
lower than in other regions. From February to August(Except June), region 3 has the
highest sea-ice drifting speed. From October to December, region 1 has the highest

sea-ice drifting speed.

4.4 GFDL-ESM4

GFDL-ESM4 is 4" generation of a new coupled chemistry-carbon-climate Earth sys-
tem model developed in the Geophysical Fluid Dynamics Laboratory, contributing to
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CMIP6. This model focus on climate means patterns and variability. Resolution 0.5
nominally(720 zonal points and 576 meridional points). Physical ocean model is based
on MOMG6 and SIS2. Five sea ice thickness categories are managed according to a
Lagrangian scheme. The separating thickness boundaries for the five thickness levels
are 0.1, 0.3, 0.7, and 1.1 m. SIS2 and MOMG6 use Arakawa C-grid horizontal sten-
cil. Dynamics is the elastic-viscous-plastic rheology. Thermodynamic model is An
energy-conserving thermodynamic which is included in SIS2, model of sea ice. Ice and
snow thicknesses are advected with a modified upwind scheme. Tracer advection uses
a third-order piecewise parabolic method (Adcroft et al., 2019).

4.4.1 Sea ice extent
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Figure 4.40: GFDL-ESM4 output sea-ice extent mean, maximum and minimum
Figure 4.40 shows the seasonal cycle of sea-ice extent in GFDL-ESM4 model out-
put. It shows sea-ice extent reaches a maximum during February up to 16.06 x 10°km?,
and minimum during September down to 4.90 x 10°km?. Seasonal cycle amplitude of
GFDL-ESM4 model output sea-ice extent is 4.24 x 108km?2. Maximum sea-ice extent
occurs one month earlier than other models. Sea ice shrinks rapidly from May to

August and recovers fast from September.
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Figure 4.41: GFDL-ESM4 output sea ice extent trend

Figure 4.41 shows the annual variation and trend between 1979-2014 by GFDL-
ESM4 model output. There is a decreasing trend of sea-ice extent in general. Sea-ice
extent decreased by 10.90%. As in other models, the GFDL output sea-ice extent
also has periodical features. From 1979-1990, sea-ice extent has a decreasing period.

From 1990-1994 there is a short, increasing period, flowed by decreasing period from

Year

Figure 4.42: GFDL-ESM4 output detrended sea ice extent
Detrended sea ice extent by GFDL-ESM4 output is shown in Figure 4.42. There’s

decadal variation.

2016
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4.4.2 sea-ice thickness

Sea-ice thickness(GFDL-ESM4)

Sea-Ice thickness(m)

Figure 4.43: GFDL-ESM4 output monthly average sea-ice thickness distribution from 1979-2014
Figure 4.43 shows the monthly average sea-ice thickness distribution of the GFDL-
ESM4 model’s output. In GFDL-ESM4 model output, there is generally thin ice in
the Arctic region compared with other models. Only the central and Peripheral Arctic

on the Pacific side have slightly thicker sea ice.
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Figure 4.44: GFDL-ESM4 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 1
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Figure 4.45: GFDL-ESM4 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 2

. Sea-ice thickness(Region 3) GFDL-ESM4

3.0 1

thickness{m)
™ ™
=] %]

=
%]

=
o

=
%]

=
o

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016
time



40 CHAPTER 4. CMIP-6 MODELS

Figure 4.46: GFDL-ESM4 output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region 3

Figure 4.44-4.46 show annual variation and trend of sea-ice thickness by GFDL-
ESM4 model projection in summer and winter seasons in three different regions, respec-
tively. The GFDL-ESM4 model projection result shows a decreasing trend in sea-ice
thickness. In region 1, in summer, sea-ice thickness decreased by 47.56%, and winter
decreased by 33.59%. In region 2, in summer,sea-ice thickness decreased by 52.47%,
and winter decreased by 29.61%. In region3, summer sea-ice thickness decreased by
34.10%, and winter sea-ice thickness decreased by 23.14%. In winter, sea ice is thicker
than in summer, except in the early 1980s in region 3. In the GFDL-ESM4 model
projection result, the thinning effect of sea ice in summer is much stronger than in
winter. At the beginning of the studied period, there is barely a seasonal difference in
sea-ice thickness; as time goes by due to the much faster summer sea. Ice thinning,
the seasonal difference in sea-ice thickness becomes larger. The Central Arctic region

still has the slightest seasonal difference among all the regions.
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35

1 Regionl
[ Region2
30 1 Region3
=
g 25 0
=%
a -
o]
£ 20 :
=
=
=
ﬁ 15
m
&
10
05
1 2 3 4 5 & 7 B 9 10 11 12

Month

Figure 4.47: Regional comparison of GFDL-ESM4 output sea-ice thickness

Figure 4.47 compares three regions each month for GFDL-ESM4 output sea-ice
thickness. The GFDL-ESM4 model result shows a precise and simultaneous seasonal
cycle. Sea-ice thickness reaches the highest during May and June and thinnest during
October. Region 1 has the thickest sea ice all year round except in November and
December. From January to June, region 2 has thicker sea ice than region 3. From
July to November, region 3 has thicker sea ice than region 2. November is the only
month when region 3 has the thickest sea ice. In December, the sea-ice thickness was
almost evenly distributed in regions 1,2, and 3. Region 1 has the most considerable

sea-ice thickness annual variation; region 3 has the smallest.



4.4. GFDL-ESM4 41

4.4.3 sea-ice motion
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Figure 4.48: GFDL-ESM4 output monthly average sea-ice drifting speed distribution from 1979-2014

Figure 4.48 shows the monthly average sea-ice drifting speed from GFDL-ESM4
output from 1979-2014, and there is apparent regional and seasonal variation. From
November to April Greenland sea, the Baffin Bay, and the Labrador sea has active
sea-ice motion. The Chukchi Sea has a higher sea-ice drifting speed in October and
November. The Bering Sea has a higher sea-ice drifting speed from December to March.

The Central Arctic region has low sea-ice drifting speed all year round.



42 CHAPTER 4. CMIP-6 MODELS
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Figure 4.49: GFDL-ESM4 output time series of sea ice drifting speed from 1979-2014 in region 1
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Figure 4.50: GFDL-ESM4 output time series of sea ice drifting speed from 1979-2014 in region 2
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Figure 4.51: GFDL-ESM4 output time series of sea ice drifting speed from 1979-2014 in region 3
Figure 4.49-4.51 show annual variation and trend of sea-ice drifting speed by

GFDL-ESM4 model projection in summer and winter seasons in three different regions,
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respectively. For sea-ice drifting speed data, the daily data is not available as in other
models, so the sea-ice drifting speed value has a lower deviation because monthly drops
much detail of sea-ice drifting speed. So GFDL-ESM4 model output sea-ice motion
cannot be considered when making an inter-model and model-observation comparison.
However, the trend of sea-ice drifting speed can still be considered. GFDL result shows
a slowly increasing rate in sea-ice motion; in winter, sea-ice motion increases faster than
in summer. In regions 1 and 2, sea-ice motion in summer is faster than in winter, and

in region3, it is the opposite. Seasonal variation is not entirely noticeable.

4.5 MPI-ESM1-2-HR

MPI-ESM1-2-HR is Max Planck Institute Earth System Model high resolution. Ocean
resolution is 0.4(40km) (Gutjahr et al., 2019a). For sea ice dynamics, MPI-ESM1.2
uses viscoplastic rheology following I1I, 1979. The sea ice model consists of code both
in MPIOM and in ECHAM. In ECHAM, a simplified thermodynamic sea ice model
is incorporated to provide a physically consistent surface temperature in ice-covered
regions at each atmospheric step. This part of the sea ice model contains a melt-pond
scheme, which divides the sea ice surface into the snow, bare ice, and melt pond, with
each their albedo (Pedersen et al., 2009). In MPI-ESM1.2, these melt ponds are now
fully activated. The thermodynamic model of sea ice is based on a simple zero-layer, a
mono-category formulation with only three variables: snow thickness, ice thickness, and
surface temperature (Semtner Jr, 1976). Amplitude and phase of seasonal variation of
sea-ice thickness are somewhat distorted but have reasonable values for mean annual

thickness. There is one ice category.

4.5.1 Sea-extent

Monthly mean/max/min Modeling SIE(MPI-ESM1-2-HR)

—  [rEan
16 milnirmum
maximum
14

12 1

10 4

Sea Ice Extent[10%km?]

—
(%]
L
=9
Ln
[=4]
-
o
L
=
(]
=
—
=}
(%]



44 CHAPTER 4. CMIP-6 MODELS

Figure 4.52: MPI-ESM1-2-HR output sea-ice extent mean, maximum and minimum

Figure 4.52 shows the seasonal cycle of sea-ice extent in the MPI-ESM1-2-HR
model projection. In MPI-ESM1-2-HR model output, March has the maximum sea-ice
extent up to 17.41 x 10°,km?, and September has the minimum sea-ice extent down to
4.44 x 10%%km?. The amplitude of the seasonal cycle is approximately 4.73 x 10%km?2.
From May to August, sea-ice extent rapidly decreases; after September, sea-ice extent

recovers quickly.
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Figure 4.53: MPI-ESM1-2-HR output sea ice extent trend
Figure 4.53 shows the annual variation and trend between 1979-2014 by MPI-
ESM1-2-HR model output. There is a decreasing trend in sea-ice extent from 1979-
2014. Sea-ice extent decreased by 19.54%. The sea-ice extent has a small increasing
period from 1979-1989, and the decreasing period from 1989-1997, which then entered

a steady state.
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Figure 4.54: MPI-ESM1-2-HR output detrended sea ice extent
Figure 4.54 shows the detrended sea-ice extent for each month between 1979-2014.

There decadal variation of sea-ice extent.
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4.5.2 Sea-ice thickness

Sea-ice thickness(MPI-ESM1-2-HR)

Sea-Ice thickness(m)

Figure 4.55: MPI-ESM1-2-HR output monthly average sea-ice thickness distribution from 1979-2014

Figure 4.68 shows the monthly average sea-ice thickness distribution of the MPI-
ESM1-2-HR model’s output. Seasonal variation and regional differences are not sig-
nificant. The central Arctic and Canadian Archipelago generally have thicker sea ice
than the peripheral Arctic. From March to June, the Beaufort Sea, Chukchi Sea, East
Siberian Sea, and the Laptev Sea also have slightly higher sea-ice thickness.
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Figure 4.56: MPI-ESM1-2-HR output inter-annual variability of regional average sea-ice thickness

from 1979-2014 in regionl
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Figure 4.57: MPI-ESM1-2-HR output inter-annual variability of regional average sea-ice thickness
from 1979-2014 in region2
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Figure 4.58: MPI-ESM1-2-HR output inter-annual variability of regional average sea-ice thickness
from 1979-2014 in region3

MPI-ESM1-2-HR model output result indicates a decreasing trend of sea-ice
thickness in the whole Arctic region. Figure 4.56-4.58 show annual variation and
trend of sea-ice thickness by MPI-ESM1-2-HR model projection in summer and

winter seasons in three different regions, respectively. In regions 1 and 2, winter had
higher sea-ice thickness than summer; in region3, before 2002, summer had thicker
sea ice; after then, winter sea-ice thickness exceeded summer due to a faster rate of
sea-ice thinning in summer. In regionl, in summer, sea-ice thickness decreased by
52.56%, and winter decreased by 42.38%. In region2, in summer,sea-ice thickness
decreased by 51.69%, and winter decreased by 46.38%. In region3, summer sea-ice
thickness decreased by 44.51%); winter sea-ice thickness decreased by 32.55%. Summer
has a faster sea-ice thickness decreasing rate than winter, while both summer and
winter season’s sea-ice thickness decrease rapidly. In regions 1 and 2 in the summer

season, there is an apparent sea-ice thinning effect: sea-ice thickness decreased by
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Figure 4.59: Regional comparison of MPI-ESM1-2-HR output sea-ice thickness

Figure 4.59 compares three regions each month for MPI-ESM1-2-HR output sea-
ice thickness. There is a simultaneous seasonal cycle shown in the box plot. Maximum
sea-ice thickness occurs in May, and minimum sea-ice thickness occurs in November.
When comparing sea-ice thickness between regions, from December to June, the rank-
ing order of sea-ice thickness is regionl>region2>region3. In July, regionl has thicker
sea ice than region2 and 3, region2 and 3 has almost equal sea-ice thickness, while
region2 has a more comprehensive annual range. From August to November, the rank-
ing order of sea-ice thickness is regionl>region3>region2(referring to average sea-ice
thickness).
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4.5.3 Sea-ice motion
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Figure 4.60: MPI-ESM1-2-HR output monthly average sea-ice drifting speed distribution from 1979-
2014

Peripheral Arctic has much faster sea-ice motion than the central Arctic, espe-
cially on the Atlantic side. Figure 4.60 shows the monthly average sea-ice drifting
speed from 1979-2014. From November to April, In the Greenland sea, Barents sea,
Chukchi sea, and Bering sea, sea ice has a faster motion than in the central Arctic; in

other months, the regional difference in sea-ice motion is not very strong.
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Figure 4.61: MPI-ESM1-2-HR output time series of sea ice drifting speed from 1979-2014 in regionl
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Figure 4.62: MPI-ESM1-2-HR output time series of sea ice drifting speed from 1979-2014 in region2
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Figure 4.63: MPI-ESM1-2-HR output time series of sea ice drifting speed from 1979-2014 in region3

Figure 4.61-4.63 shows the annual variation and summer, winter trend of MPI-

ESM1-2-HR output sea-ice drifting speed in regionl,2 and 3 respectively. In winter,
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there is a clear increasing trend of sea-ice drifting speed in the Arctic region, while in
summer, no clear trend is visible. In regions 1, 2and 3, winter sea-ice drifting speed
is higher than summer. Due to the faster increasing rate in winter in region2, the
seasonal difference almost disappeared at the end of our studying period.

Winter sea-ice motion increases significantly, while summer sea-ice motion is pro-
jected to be stable. In regionl, in summer, sea-ice drifting speed increased by 3.96%, in
winter increased by 19.09%, and at the end of the studying period, winter speed slightly
exceeded summer speed. In region2, in summer, sea-ice drifting speed decreased by
0.79%, and winter increased by 12.83%. In region3, in summer, sea-ice drifting speed

increased by 1.72%, and winter increased by 22.78%.
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Figure 4.64: Regional comparison of MPI-ESM1-2-HR output sea-ice drifting speed

Figure 4.64 compares the MPI-ESM1-2-HR output sea-ice drifting speed between
three regions for each month. The result is quite scattered. There is not a clear united
seasonal cycle in the three regions. From November to May, a significant regional
difference is noticeable, and from June to October, there is no significant seasonal
difference. Winter seasons also have wider annual variation, while sea-ice motion in

summer seasons does not have a large variety.

4.6 NorESM2-LM

NorESM2-LM is one version of the Norwegian Earth System Model. It has a horizontal
resolution of 1 for the ocean and sea ice components. The sea ice model component
is based upon version 5.1.2 of the CICE sea ice model. A NorESM2 specific change
includes the effect of wind drift of snow into the ocean following Lecomte et al., 2013.
For the CMIP6 configuration of NorESM, the BLOM grid resolution is one zonally
and 1/ 4A° meridionally at the equator, gradually approaching more isotropic grid cells

at higher latitudes. The discretization of the sea ice thickness distribution uses five
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thickness categories. The dynamics used in the model are Elastic viscoplastic dynamics.
The thermodynamic model is Mushy layer thermodynamics with prognostic internal
energy and salinity within the sea ice (Turner and Hunke, 2015). Melt ponds are
allowed to form on undeformed ice (Hunke et al., 2013). The freezing point of seawater

is salinity-dependent (Assur, 1960).

4.6.1 Sea-ice extent
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Figure 4.65: NorESM2-LM output sea-ice extent mean, maximum and minimum
Figure 4.65 shows the sea-ice extent seasonal cycle in the NorESM2-LM model
projection. In NorESM2-LM model output, March has the maximum sea-ice ex-
tent up to 15.29 x 10°km?2, and September has the minimum sea-ice extent down
to 5.95 x 10°km?2. The amplitude of the seasonal cycle is approximately 3.78 x 10%km?.

From May to August, sea-ice extent rapidly decreases; after September, sea-ice extent
recovers quickly.
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Figure 4.66: NorESM2-LM output sea ice extent trend
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Figure 4.66 shows the annual variation and trend between 1979-2014 by
NorESM2-LM model output. There is a slight decreasing trend of sea-ice extent from
1979-2014, which decreased by 3.56%. In March, sea-ice extent remains steady for 36

years; in September, there is a slight fluctuation in sea-ice extent.
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Figure 4.67: NorESM2-LM output detrended sea ice extent
Figure 4.67 shows the detrended sea-ice extent for each month between 1979-2014.

There’s decadal variation of sea-ice extent.
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4.6.2 Sea-ice thickness

Sea-ice thickness(NorESM2-LM)

Sea-lce thickness(m)

0

Figure 4.68: NorESM2-LM output monthly average sea-ice thickness distribution from 1979-2014

Figure 4.68 shows the monthly average sea-ice thickness distribution of the
NorESM2-LM model’s output. NorESM2-LM model’s output indicates a generally
thicker sea-ice condition than other models. Even though there is a seasonal variation
of sea-ice thickness each month, sea-ice thickness distribution follows almost the same
rule that there is thicker sea-ice in the central Arctic region, Canadian Archipelago,
and on the east coast of the Greenland continent. Peripheral Arctic usually has a

thinner sea-ice condition.
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Figure 4.69: NorESM2-LM output inter-annual variability of regional average sea-ice thickness from
1979-2014 in regionl

thickness(m)

5.0

4.5 1

4.0

3.5

W
o

e
n

rJ
o

=
5

=
o

2
[E]

Sea-ice thickness(Region 2) NorESM2-LM

—— Summer
— Winter

1980

1984

1996 2000 2004 2008 2012 2016

time

1988 1992

Figure 4.70: NorESM2-LM output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region2
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Figure 4.71: NorESM2-LM output inter-annual variability of regional average sea-ice thickness from
1979-2014 in region3

Figure 4.69-4.71 show annual variation and trend of sea-ice thickness by
NorESM2-LM model projection in summer and winter seasons in three different
regions, respectively. NorESM2-LM model output result indicates a decreasing trend
of sea-ice thickness in the whole Arctic region. In the Arctic region, summer seasons
have higher sea-ice thickness than winter seasons. In regionl, in summer, sea-ice
thickness decreased by 14.37%, and winter decreased by 32.28%. In region2, in
summer,sea-ice thickness decreased by 34.97%, and winter decreased by 40.21%. In
region3, summer sea-ice thickness decreased by 22.31%, and winter sea-ice thickness
decreased by 26.14%. Winter has a faster sea-ice thickness decreasing rate than
summer, and sea-ice thickness in region2 decreased most rapidly. In all three regions,

there is a noticeable seasonal difference.
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Figure 4.72: Regional comparison of NorESM2-LM output sea-ice thickness

Figure 4.72 compares three regions each month for NorESM2-LM output sea-ice
thickness. The box plot shows a simultaneous seasonal cycle for all three regions. For
regionl and region3, maximum sea-ice thickness occurs in August, and for region2 in
June. Minimum sea-ice thickness occurs in August for all regions. For regionl, sea-ice
thickness gradually increases from December to August, keeping stable in September,
and then decreases sharply from September to November. For region2, sea-ice thick-
ness increase from November to June, become steady until September, then suddenly
decrease; in October and November, sea-ice thickness is stable. For region3, the sea-ice
thickness increases from November to August, keeping stable in September and sud-
denly dropping in October. Overall, there was a rapid decrease in sea-ice thickness

from September to October.
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4.6.3 Sea-ice motion
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Figure 4.73: NorESM2-LM output monthly average sea-ice drifting speed distribution from 1979-
2014

Figure 4.73 shows the monthly average sea-ice drifting speed from 1979-2014.
Peripheral Arctic has much faster sea-ice motion than the central Arctic, especially on
the Atlantic side. The Greenland Sea has much faster sea-ice motion from October
to April than the central Arctic. In November and December, Chukchi has a higher
sea-ice drifting speed. The Bering Sea has a higher sea-ice drifting speed from January
to April. In the summer, from June to September, sea-ice motion in the Arctic region

is generally in a low state.
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Figure 4.74: NorESM2-LM output time series of sea ice drifting speed from 1979-2014 in regionl
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Figure 4.75: NorESM2-LM output time series of sea ice drifting speed from 1979-2014 in region2
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Figure 4.76: NorESM2-LM output time series of sea ice drifting speed from 1979-2014 in region3
Figure 4.74-4.76 shows the annual variation and summer, winter trend of

NorESM2-LM output sea-ice drifting speed in regionl,2 and 3 respectively. In re-
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gionl, in summer, sea-ice drifting speed increased by 8.86%, in winter increased by
8.02%, In region2, in summer, sea-ice drifting speed increased by 23.71%, in winter
increased by 23.16%. In region3, in summer, sea-ice drifting speed increased by 5.62%,
and winter increased by 17.11%. Winter seasons significantly increase sea-ice motion,
while summer sea-ice motion is projected to be stable. In regions 1 and 2, the increasing
rate of sea-ice drifting speed in the summer and winter seasons has no big difference;
in region3, winter sea-ice drifting speed increased much faster than in summer. Sum-
mer has faster sea-ice motion than winter. region2 has the biggest seasonal difference;

region3 has the smallest.
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Figure 4.77: Regional comparison of NorESM2-LM output sea-ice drifting speed
Figure 4.77 compares NorESM2-LM output sea-ice drifting speed between three
regions for each month. regionl reached the highest sea-ice drifting speed in November,
while region2 and region3 reached the maximum sea-ice drifting speed in October, in
Arctic, minimum sea-ice motion occurs in March. From January to May, sea-ice motion
is steadily in a low state; from June to October, it increases, and sea-ice drifting speed
decreases after November. In the case of seasonal cycle amplitude, region2 > regionl>

regiond.



5. Comparison of CMIP6 models to

observations

We use independent samples t-test to determine if the observation result and model re-
sult have equal mean. Our null assumption is that they have equal population variance,
and we set @ = 0.05. If the P value>0.05, we accept the null assumption, meaning
the difference between the model and observation is insignificant. We do t-tests for all
twelve months between observation and each model. Each data group has 36 samples,
referred to as sea-ice extent data from 1979-2014. Table 5.1-Table 5.6 shows P values
in t-test results for EC-Earth3 model, ACCESS-CM2 model, BCC-CSM2-MR model,
MPI-ESM1-2-HR model, Nor-ESM2-LM model and GFDL-ESM4 model, respectively.

Those values larger than 0.05 mean that model and observation has equal mean.

5.1 Sea-ice extent

5.1.1 Observation sea-ice extent
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Figure 5.1: Observation sea-ice extent mean,maximum and minimum
Figure 5.1 shows the seasonal cycle of sea-ice extent in the observation result.

March has the maximum sea-ice extent up to 16.95 x 10%km?, and September has the

59
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Table 5.1: P value in t-test result comparing EC-Earth3 model with observation
P value
EC-Earth3 Sea-ice extent Sea-ice thickness Sea-ice motion
Whole Arctic 1 2 1 2 3
January 0.00 0.00 0.00 0.20 | 0.65 0.20
February 0.00 0.00 0.00 0.04 | 0.87 0.04
March 0.00 0.00 0.00 0.00 | 0.28 0.00
April 0.00 0.00 0.00 0.93 | 0.62 0.93
May 0.00 0 0 0.23 | 0.83 0.23
June 0.00 0 0 0.26 | 0.01 0.26
July 0.00 0 0 0.67 | 0.62 0.67
August 0.00 0 0 0.06 | 0.01 0.06
September 0.00 0 0 0.00 | 0.20 0.00
October 0.00 0.00 0.00 0.41 | 0.00 0.41
November 0.00 0.00 0.00 0.31 | 0.16 0.31
December 0.00 0.00 0.00 0.24 | 091 0.24
Table 5.2: P value in t-test result comparing ACCESS-CM2 model with observation
P value
ACCESS-CM2 Sea-ice extent Sea-ice thickness Sea-ice motion
Whole Arctic 1 2 1 2 3
January 0.01 0.00 0.00 0.18 | 0.21 0.18
February 0.00 0.00 0.00 0.95 | 0.34 0.00
March 0.00 0.00 0.00 0.06 | 0.46 0.00
April 0.00 0.00 0.00 0.00 | 0.94 0.00
May 0.00 0 0 0.12 | 0.93 0.01
June 0.00 0 0 0.00 | 0.00 0.00
July 0.03 0 0 0.01 | 0.02 0.00
August 0.61 0 0 0.44 | 0.75 0.00
September 0.48 0 0 0.59 | 0.95 0.00
October 0.63 0.00 0.00 0.48 | 0.29 0.33
November 0.46 0.00 0.00 0.60 | 0.32 0.13
December 0.49 0.00 0.00 0.78 | 0.20 0.55
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Table 5.3: P value in t-test result comparing BCC-CSM2-MR model with observation
P value

BCC-CSM2-MR | Sea-ice extent Sea-ice thickness Sea-ice motion

Whole Arctic 1 2 1 2 3
January 0.00 0.00 0.01 0.76 | 0.88 0.03
February 0.00 0.00 0.24 0.13 | 0.54 0.00
March 0.00 0.00 0.01 0.00 | 047 0.01
April 0.00 0.00 0.00 041 |0.71 0.00
May 0.00 0 0 0.01 | 0.58 0.59
June 0.00 0 0 0.68 | 0.96 0.01
July 0.00 0 0 0.26 | 0.06 0.00
August 0.00 0 0 0.93 | 0.01 0.00
September 0.00 0 0 0.05 | 0.02 0.31
October 0.00 0.00 0.00 0.98 | 0.00 0.66
November 0.00 0.00 0.00 0.47 | 0.01 0.84
December 0.00 0.00 0.00 0.99 | 0.52 0.48

Table 5.4: P value in t-test result comparing MPI-ESM1-2-HR model with observation

MPI-ESM1-2-HR

P value

Sea-ice extent

Sea-ice thickness

Sea-ice motion

Whole Arctic 1 2 1 2 3
January 0.00 0.41 0.00 0.00 | 0.02 0.00
February 0.01 0.17 0.00 0.00 | 0.01 0.00
March 0.14 0.05 0.00 0.00 | 0.00 0.00
April 0.44 0.01 0.00 0.00 | 0.00 0.00
May 0.00 0 0 0.00 | 0.38 0.00
June 0.47 0 0 0.30 | 0.05 0.00
July 0.74 0 0 0.73 ]0.94 0.00
August 0.00 0 0 0.90 | 0.00 0.00
September 0.12 0 0 0.00 0.01 0.01
October 0.00 0.24 0.57 0.44 | 0.36 0.00
November 0.00 0.01 0.03 0.00 | 0.04 0.00
December 0.00 0.02 0.78 0.00 | 0.01 0.00
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Table 5.5: P value in t-test result comparing Nor-ESM2-LM model with observation

P value

Nor-ESM2-LM Sea-ice extent Sea-ice thickness Sea-ice motion

Whole Arctic 1 2 1 2 3
January 0.00 0.00 0.00 0.28 |0.23 0.39
February 0.00 0.00 0.00 0.99 | 0.57 0.22
March 0.00 0.00 0.00 0.03 | 0.40 0.65
April 0.00 0.00 0.00 0.13 | 0.34 0.18
May 0.00 0 0 0.71 ] 0.88 0.27
June 0.00 0 0 0.63 | 0.06 0.37
July 0.05 0 0 0.51 | 0.94 0.79
August 0.27 0 0 0.00 | 0.00 0.68
September 0.01 0 0 0.00 | 0.42 0.21
October 0.00 0.00 0.00 0.19 | 0.52 0.12
November 0.87 0.00 0.01 0.65 | 0.25 0.14
December 0.04 0.00 0.00 0.92 |0.76 0.16

Table 5.6: P value in t-test result comparing GFDL-ESM4 model with observation

P value

GFDL-ESM4 Sea-ice extent Sea-ice thickness

Whole Arctic 1 2
January 0.00 0.09 0.04
February 0.00 0.05 0.00
March 0.00 0.02 0.00
April 0.00 0.00 0.00
May 0.00 0 0
June 0.00 0 0
July 0.00 0 0
August 0.00 0 0
September 0.13 0 0
October 0.22 0.87 0.00
November 0.01 0.00 0.07
December 0.00 0.10 0.64
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minimum sea-ice extent down to 3.56 x 10%km?. The amplitude of the seasonal cycle
is approximately 4.63 x 10°km?. From April to September, sea-ice extent decreases

rapidly; after September, sea-ice extent recovers quickly.
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Figure 5.2: Observation sea ice extent trend
Figure 5.2 shows the annual variation and trend between 1979-2014 by observa-
tion. There is a decreasing trend of sea-ice extent from 1979-2014 that sea-ice extent
decreased by 15.00%. Before 2000, the decreasing trend of sea-ice extent was not

prominent enough; in the first decade of the 21st-century sea-ice extent, sea-ice extent

decreased most rapidly.
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Figure 5.3: Observation detrended sea ice extent
Figure 5.3 shows the detrended sea-ice extent for each month between 1979-2014

from observation result. There’s more frequent variation of sea-ice extent.
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5.1.2 Comparison of Sea ice extent between CMIP6 and ob-

servation

Comparision between observational and modeling Sea lce Extent
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Figure 5.4: Comparison of Sea ice extent between CMIP6 and observation

Figure 5.4 compared 5 CMIP6 models’ result with observation result of sea-ice
extent. EC-Earth3 has the highest deviation among all the models: sea-ice extent is
much greater than the observation result, especially in winter. According to Table 5.1,
EC-Earth3 model output sea-ice extent is significantly different from observation.
For ACCESS-CM2 model, according to Table 5.2, from August to December it has a
good estimation result, while from January to July it overestimate sea-ice extent.
For GFDL-ESM4 model, according to Table 5.6, in most cases it is underestimating
sea-ice extent, except from September to October when GFDL-ESM4 model provides
an plausible estimation.
For BCC-CSM2-MR model, according to Table 5.3, all of them is much lower than
0.05, means BCC-CSM2-MR model is constantly underestimating sea-ice extent and
has a significant deviation compared with observation
For MPI-ESM1-2-HR model, according to Table 5.4, it provides an almost perfect
estimation for March, April, June, and September. It underestimates sea-ice extent
in January, February, July, August, October, November, and December. In May, it is
overestimating sea-ice extent.
For NorESM2-LM model, according to Table 5.5, from January to June, the NorESM2-
LM model underestimates sea-ice extent; In July, August, November, and December,
it reasonably estimates sea-ice extent. In September and October, it overestimates
sea-ice extent.NorESM2-LM model shows a much smaller annual range than any other

model result or observation result.

To summarize the evaluation of CMIP6 models, EC-Earth3 is overestimating sea
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ice extent, BCC-CSM2-MR model underestimates all year round. Other models more
or less have some months when they reasonably estimate sea-ice extent. ACCESS-CM2
overestimates sea-ice extent in the first half of the year, GFDL-ESM4 underestimates
except autumn, MPI-ESM1-2-HR and NorESM2-LM model have either underestima-

tion or overestimation

5.2 Sea-ice thickness

5.2.1 Observation sea-ice thickness

Sea-ice thickness(Observation)

3.5

3.0

N
w

N
o
Sea-Ice thickness(m}

0.0

Figure 5.5: Observation winter season monthly average sea-ice thickness distribution from
Figure 5.5 shows the monthly average sea-ice thickness distribution from October
to April from Envisat and CryoSat-2 satellite radar altimetry observation results. Data
cannot cover the whole time and spatial range, same as CMIP6 model simulation, so
only limited results can be obtained. From Figure 5.5, we can only see a generally even
sea-ice thickness distribution. Sea ice becomes slightly thicker in the direction from

the peripheral Arctic to Central Arctic. Canadian Archipelago usually has thicker sea
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ice.
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Figure 5.6: Observational inter-annual variability of regional average sea-ice thickness from 2002-
2014 in regionl
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Figure 5.7: Observational inter-annual variability of regional average sea-ice thickness from 2002-
2014 in region2

Figure 5.6-5.7 show annual variation of observation sea-ice thickness in regionl
and region2. Regular seasonal fluctuation is visible, but there’s no significant trend of

winter months’ sea-ice thickness. Observational sea-ice thickness is slightly higher in
regionl than in region2.

5.2.2 Comparison of Sea ice thickness between CMIP6 and
observation

Like the comparison between observation and modeling sea-ice extent, we use an
independent samples T-test and aim to find months in which model sea-ice thickness

has no significant difference from observation in all three regions, which is reflected
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when the P value is larger than 0.05. Sea-ice thickness observation data range from
10/2002-12/2014, and we only have observation data from October to April for seven
months; for October, November, and December, we have 13 data samples. For the
other months, we only have 12 data samples. To make

the t-test accurate, we select those with the same time spot in all model thickness data.
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Figure 5.8: Comparison of Sea ice thickness between CMIP6 and observation in regionl

Figure 5.8 compared 5 CMIP6 models’ result with observation result of sea-ice
thickness in regionl. Due to the lack of summer months sea-ice thickness observation
data, we only compare CMIP6 models with the observation from October to April.
The modeling result is scattered, especially in summer.
In the observation result, April has the highest sea-ice thickness of 1.97m(median), and
October has the lowest sea-ice thickness of 0.83m(median). Sea-ice thickness increases
from October to April.
EC-Earth3 model has a maximum sea-ice thickness in August(4.48m) and minimum
sea-ice thickness in December(2.51m). For the EC-Earth3 model, according to Ta-
ble 5.1, in all the months, EC-Earth3 is significantly overestimating sea-ice thickness
in regionl. ACCESS-CM2 model output sea-ice thickness reaches the maximum in
June(2.83m) and minimum in November(1.53m). For ACCESS-CM2 model, according
to Table 5.2, in all the months, ACCESS-CM2 is significantly overestimating sea-ice
thickness in regionl. GFDL-ESM4 model output sea-ice thickness reaches the max-
imum in May(2.40m) and minimum in October(0.84m). according to Table 5.6, in
October, January, February model output has no significantly different from obser-
vation, in November it is underestimating sea-ice thickness, in March and April it is
overestimating sea-ice thickness. BCC-CSM2-MR model has a maximum sea-ice thick-
ness in May(1.55m) and minimum sea-ice thickness in October(0.41m). For the BCC-
CSM2-MR model, according to Table 5.3, model output is significantly different from
observation. All the time BCC-CSM2-MR model underestimates sea-ice thickness.
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MPI-ESM1-2-HR model output sea-ice thickness reaches the maximum in May(2.22m)
and minimum in November(0.92m). According to Table 5.3, in October, January,
February, and March MPI-ESM1-2-HR sea-ice thickness has no significant difference
from observation. In November and December, the MPI-ESM1-2-HR model underesti-
mates sea-ice thickness, and in April, it underestimates sea-ice thickness. NorESM2-LM
model output sea-ice thickness reaches the maximum in August(3.14m) and minimum
in December(1.85m). For the NorESM2-LM model, according to Table 5.5, model
output is significantly different from observation. Nor-ESM-LM model overestimates
sea-ice thickness all the time.

Only the BCC-CSM2-MR model and GFDL-ESM4 model have a similar seasonal cycle
as observation, which has a minimum sea-ice thickness in October and constantly in-
creases until April. Other models’ minimum thickness occurs 1 or 2 months (s), lagging
behind the observation. For the magnitude of sea-ice thickness, only the GFDL-ESM4
model and MPI-ESM1-2-HR model numerical results in most months fall into the cred-
ible range compared with observation according to the t-test result. EC-Earth3 model,
ACCESS-CM2 model, and NorESM2-LM model have a higher value than observation,

and the BCC-CSM2-MR model has a constantly lower value than observation.
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Figure 5.9: Comparison of Sea ice thickness between CMIP6 and observation in region2
Figure 5.9 compared 5 CMIP6 models’ results with observation results of sea-ice
thickness in the region2 from October to April. Similar to regionl, in the observation
result, sea-ice thickness increases from October(0.80m) to April(1.77m). GFDL-ESM4
model, BCC-CSM2-MR model, and MPI-ESM1-2-HR model have a similar seasonal
cycle to observation result that sea-ice thickness is increasing from October to April.
EC-Earth3 model has a maximum sea-ice thickness in August(4.59m) and minimum
sea-ice thickness in December(2.31m). For the EC-Earth3 model, according to Ta-
ble 5.1, in all the months, EC-Earth3 is significantly overestimating sea-ice thickness

in region2. ACCESS-CM2 model output sea-ice thickness reaches the maximum in
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June(2.88m) and minimum in November(1.46m). For ACCESS-CM2 model, P value
for each months comparing model and observation from October to April is respectively
1.07 x 1071°,0.00,2.98 x 1075,1.08 x 1077,2.38 x 107%,2.55 x 107%,8.02 x 1072, all of
them is much lower than 0.05 too. In all the months, ACCESS-CM2 is significantly
overestimating sea-ice thickness in region2. GFDL-ESM4 model output sea-ice thick-
ness reaches the maximum in May(2.10m) and minimum in October(0.53m). According
to Table 5.6, in November and December, model output has no significant difference
from observation, in October it underestimate sea-ice thickness, from January to April
it overestimates sea-ice thickness.

BCC-CSM2-MR model has a maximum sea-ice thickness in May(1.48m) and minimum
sea-ice thickness in October(0.30m). According to Table 5.3, model has plausible result
only in February, in other months it is underestimating sea-ice thickness.
MPI-ESM1-2-HR model output sea-ice thickness reaches the maximum in May(2.27m)
and minimum in November(0.71m). According to Table 5.4, in October and December,
MPI-ESM1-2-HR model output has no significant difference compared with observa-
tion, in November, it is underestimating sea-ice thickness, from January to April, it is
overestimating sea-ice thickness.

NorESM2-LM model output sea-ice thickness reaches the maximum in May(2.71m)
and minimum in November(1.17m). According to Table 5.5, NorESM2-LM model out-
put is significantly different from observation. NorESM2-LM model is overestimating
sea-ice thickness in all available months.

Considering the magnitude of model simulation results, EC-Earth3, ACCESS-CM2
model, and NorESM2-LM model output are constantly higher than observation result,
BCC-CSM2-MR model is mainly underestimating sea-ice thickness. GFDL-ESM4 and
MPI-ESM1-2-HR perform best for simulating sea-ice thickness in region2. However,
their common problem is overestimation from January to April. During summer sea-

sons, modeling results are more scattered than during winter seasons.
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Figure 5.10: Comparison of Sea ice thickness between CMIP6 and observation in region3

Figure 5.10 compared 5 CMIP6 models’ results of sea-ice thickness in the region3
from October to April. We only do model inter-comparison in region3 since there is no
central Arctic data available in observation data. The model outputs are quite scattered
since the EC-Earth3 model and ACCESS-CM2 model is two models much higher than
the four other models in most of the months. In the summer seasons, the NorESM2-
LM model is noticeably higher than the other three models from July to September.
GFDL-ESM4 and MPI-ESM1-2-HR models have similar seasonal cycles and magni-
tudes. For all the model results, the EC-Earth3 model has a maximum sea-ice thick-
ness in July(4.43m) and minimum sea-ice thickness in October(3.42m), ACCESS-CM2
model output sea-ice thickness reaches the maximum in June(2.77m), and minimum
in October(1.64m). GFDL-ESM4 model output sea-ice thickness reaches the maxi-
mum in June(2.04m) and minimum in October(0.80m). BCC-CSM2-MR model has a
maximum sea-ice thickness in May(1.63m) and minimum sea-ice thickness in Septem-
ber(0.61m). MPI-ESM1-2-HR model output sea-ice thickness reaches the maximum in
May(1.94m) and minimum in November(0.81m). NorESM2-LM model output sea-ice
thickness reaches the maximum in August(2.91m) and minimum in November(1.42m).
From the modeling result, we can see that maximum sea-ice thickness usually happens
in May and July, and minimum sea-ice thickness usually happens around October and

November.
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5.3 Sea-ice motion

5.3.1 Observation sea-ice motion

sea ice drifting speed trends(IABP)

Figure 5.11: Distribution of IABP data sea-ice drifting speed changing rate from 1979-2014

Figure 5.11 shows the changing rate of sea-ice drifting speed produced by TABP
data from 1979-2014. The red color means in this spot sea-ice drifting speed is in-
creasing, blue color means in this spot sea-ice drifting speed is decreasing. A widely
distributed positive trend can be found in all months. In the south Greenland Sea,
there are several negative spots, but there is a high possibility because the buoy is in

open water rather than sea ice.
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Figure 5.12: Distribution of IABP data averaged sea-ice drifting speed from 1979-2014

Figure 5.12 shows the monthly average sea-ice drifting speed distribution from
1979-2014. the central Arctic and Canadian Archipelago region always has compara-
tively low sea-ice drifting speed all year round. The Arctic on the Pacific Ocean side
has less active sea-ice motion than the Atlantic Ocean side. From January to July,
the Beaufort Sea, Chukchi Sea, and the East Siberian Sea are in a steady low sea-ice

emotion state, while from August to December, there is faster sea-ice motion.
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Figure 5.13: Annual variation and trend of IABP sea-ice drifting speed between 1979-2021 in regionl
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Figure 5.14: Annual variation and trend of IABP sea-ice drifting speed between 1979-2021 in region2
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Figure 5.15: Annual variation and trend of IABP sea-ice drifting speed between 1979-2021 in region3

Figures 5.13-5.15 show annual variation of observation sea-ice drifting speed in
regionl, region2 and region3 between 1979-2014. In the IABP buoy data result, sea-
ice drifting speed has an increasing trend. Summer monthsa sea-ice motion is always
faster than winter monthsa sea-ice motion; while seasonal differences can be observed
in regionl and region2, in region3, the seasonal gap is not clear. In regionl, in summer,
sea-ice drifting speed increased by 55.07%, in winter increased by 59.07%, In region2, in
summer, sea-ice drifting speed increased by 82.92%, in winter increased by 72.04%. In
region3, in summer, sea-ice drifting speed increased by 30.32%, and winter increased
by 26.70%. Summer sea ice motion increase faster than winter. The variation rate
of sea-ice motion in buoy observation results is exceedingly high, even though most

models projected an increasing trend of sea-ice motion, the rate is far below reality.

2016
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Figure 5.16: Regional comparison of sea-ice drifting speed monthly
Figure 5.16 shows box plot comparing IABP data sea-ice drifting speed in re-
gionl,2 and 3 in each months from 1979-2014. regionl has a maximum sea-ice drifting
speed in September and a minimum in March. region2 has a minimum sea-ice drift-
ing speed in March and August, region3 has the maximum sea-ice drifting speed in
September, and the minimum sea-ice drifting speed is in April. Region3 has the slight-

est seasonal cycle.
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5.3.2 Comparison of sea-ice motion between CMIP6 and ob-

servation

Comparision between observational and modeling Sea-Ice drifting speed(region 1)
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Figure 5.17: Comparison of sea-ice drifting speed between CMIP6 and observation in regionl
Figure 5.17 compares 5 CMIP6 model outputs sea-ice drifting speed with buoy
data calculated sea-ice drifting speed in regionl. Despite scattered sea-ice thickness
model output, sea-ice drifting speed result is comparatively unified. Slowest sea-ice
motion in buoy data result occurs in March(0.06m/s), and fastest sea-ice motion hap-
pens in September(0.14mm /s).For model outputs, EC-Earth3 model output has fastest
sea-ice motion in October(0.13m/s) and slowest sea-ice motion in April(0.07m/s).
ACCESS-CM2 model output has fastest sea-ice motion in September(0.15m/s) and
slowest sea-ice motion happens in March(0.08m/s). BCC-CSM2-MR model out-
put has fastest sea-ice motion in November(0.13m/s) and slowest sea-ice motion in
May(0.08m/s). MPI-ESM1-2-HR model output has fastest sea-ice motion in Decem-
ber(0.16m/s), and slowest sea-ice motion in June(0.10m/s). NorESM2-LM model out-
put has fastest sea-ice motion in November(0.13m/s), and slowest sea-ice motion in
March(0.08m/s).
We did independent samples t-test for each month between observation and model
output sea-ice speed. For EC-Earth3 model, according to Table 5.1, EC-Earth3 has
good simulation for sea-ice speed in January, April, May, June, July, August, October,
November and December, in which P value from t-test result is larger than 0.05. It
overestimated in February and March and underestimated in September.
For ACCESS-CM2 model, according to Table 5.2, except for June and July, in other
months, ACCESS-CM2 provides plausible simulation. ACCESS-CM2 model overesti-
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mates sea-ice motion in June and July.

For BCC-CSM2-MR model, according to Table 5.3, BCC-CSM2-MR simulates sea-ice
drifting speed well in whole year except March, where the P value is lower than 0.05.
In March, it overestimated sea-ice speed.

For MPI-ESM1-2-HR model, according to Table 5.4, MPI-ESM1-2-HR model only
provides good simulation in June and July, and in October when P values are greater
than 0,05. During August and September, the MPI-ESM1-2-HR model underestimates,
while it overestimates from November to May.

For NorESM2-LM model, according to Table 5.5, NorESM2-LM model provides a
good estimation of sea-ice drifting speed in most months, except March, August, and
September, where the P value is smaller than 0.05. It overestimates in March and
underestimates in August and September. To summarize the model performance, ex-
cept in March, when all of the models are overestimating sea-ice drifting speed, in
other months, most of the model outputs do not have a high deviation compared with
the observation result. The most noticeable model deviation is in the Winter months,
MPI-ESM1-2-HR model output is higher than observation and other models. During
summer seasons, there is a overestimate in ACCESS-CM2 model output. From July
to September, there was an underestimate in BCC-CSM2-MR model output. Sea-
ice thickness model results cope with sea-ice motion observation and model results in

regionl.
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Figure 5.18: Comparison of sea-ice drifting speed between CMIP6 and observation in region2
Figure 5.18 compares 5 CMIP6 model outputs sea-ice drifting speed with buoy
data calculated sea-ice drifting speed in region2. In region2, there is a larger sea-

sonal cycle amplitude compared with regionl. Furthermore, buoy observation data
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show a larger seasonal cycle amplitude and a wider annual variation range, es-
pecially in summer. For observation output, maximum sea-ice drifting speed oc-
curs in August(0.145m/s), and minimum sea-ice drifting speed happens in March
(0.072m/s). For model outputs, EC-Earth3 model has maximum sea-ice drifting
speed in September(0.126m/s) and minimum in April (0.169m/s). ACCESS-CM2
model has maximum sea-ice drifting speed in August (0.138m/s), and minimum sea-
ice drifting speed in February (0.066m/s). BCC-CSM2-MR model output has maxi-
mum sea-ice drifting speed in Augustc(0.104m/s), and minimum sea-ice drifting speed
in Aprile(0.074m/s). MPI-ESM1-2-HR model output has a maximum sea-ice drift-
ing speed in Novembercc(0.141m/s) and minimum sea-ice drifting speed in Febru-
aryc(0.100m/s). NorESM2-LM model output has maximum sea-ice drifting speed in
October(0.138m/s), and minimum sea-ice drifting speed in Februaryc(0.075m/s).

In region2, for EC-Earth3 model, according to Table 5.1, the EC-Earth3 model works
well in most months, except June, August, and October, when the P value is smaller
than 0.05. It is overestimating in June and underestimating in August and October.
For ACCESS-CM2 model, according to Table 5.2, in most months ACCESS-CM?2
model has good simulation except June and July when P value is smaller than 0.05. It
overestimates sea-ice drifting speed in June and July.

For BCC-CSM2-MR model, according to Table 5.3, from December to July, the BCC-
CSM2-MR model has a P value larger than 0.05, which means it has good simulation
results in those months, while from August to November in summer, the model result
is significantly different from the observation that it underestimates sea-ice drifting
speed.

For MPI-ESM1-2-HR model, according to Table 5.4, MPI-ESM1-2-HR has accurate
simulation of sea-ice motion in May, June, July and October, since P values for those
months are greater than 0.05. From November to April, it overestimates sea-ice mo-
tion; in August and September, it underestimates sea-ice thickness.

For the NorESM2-LM model, according to Table 5.5, most months has P value greater
than 0.05, except August, it means in August sea-ice speed is significantly different
from observation. In August, the NorESM2-LM model underestimated sea-ice motion.
ACCESS-CM2 overestimates summer sea-ice speed, MPI-ESM1-2-HR overestimates
winter sea-ice motion and underestimates summer. BCC-CSM2-MR model under-
estimates ice motion in summer. EC-Earth3 and NorESM-LM generally have good

simulations.
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Figure 5.19: Comparison of sea-ice drifting speed between CMIP6 and observation in region3
Figure 5.19 compares 5 CMIP6 model outputs sea-ice drifting speed with buoy
data calculated sea-ice drifting speed in region3. Compared with regionl and region2,
region3 has minimal seasonal cycle amplitude. In region3, in observation result, max-
imum sea-ice drifting speed occurs in September(0.106m/s), and minimum occurs in
April(0.073m/s). For model outputs, the EC-Earth3 model output has the maximum
sea-ice drifting speed in August(0.100m/s) and the minimum sea-ice drifting speed
in May(0.075m/s). ACCESS-CM2 model output ha maximum sea-ice drifting speed
in August(0.125m/s), and minimum sea-ice drifting speed in April(0.094m/s). BCC-
CSM2-MR model output has maximum sea-ice drifting speed in August(0.123m/s) and
minimum sea-ice drifting speed in May(0.083m/s). MPI-ESM1-2-HR model output has
a maximum sea-ice drifting speed in November(0.146m/s) and minimum sea-ice drifting
speed in July(0.105m/s). NorESM2-LM model has maximum sea-ice drifting speed in
October(0.112m/s), and minimum sea-ice drifting speed in June(0.081m/s). For EC-
Earth3, according to Table 5.1, from January to June and August, EC-Earth3 has
accurate simulation. However, it overestimates in July and underestimates ice motion
from September to December.
For ACCESS-CM2 model, according to Table 5.2, in January, October, November, and
December, model output and observation have no significant difference as the P value
is larger than 0.05. From February to October ACCESS-CM2 model overestimates
sea-ice motion.
For BCC-CSM2-MR model, according to Table 5.3, in May and from September to
December, model output has no significant difference from observation, as P value is
greater than 0.05. BCC-CSM2-MR model overestimates sea-ice drifting speed from
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January to April and in June, July, and August.

For MPI-ESM1-2-HR model, according to Table 5.4, the model output is significantly
different from observation. MPI-ESM1-2-HR model is overestimating sea-ice drifting
speed all year round. MPI-ESM1-2-HR model has a higher deviation in winter than in
summer. For NorESM2-LM model, according to Table 5.5, model has good simulation
all year round.

To briefly summarize the model performance in three regions for sea-ice motion, we
can see NorESM2-LM model has the best performance among all the models, and
ACCESS-CM2 has a good simulation for regions 1 and 2. EC-Earth3 also has satis-
fying performance in simulating sea-ice motion for the whole Arctic, that it has good
simulation in more than eight months for each region. A few models have common
problems: BCC-CSM2-MR model tends to underestimate sea-ice drifting speed in
summer seasons in regionl and region2 while overestimating in many months in re-
gion3. MPI-ESM1-2-HR model tends to overestimate sea-ice drifting speed, especially
in winter months. ACCESS-CM2 model overestimates sea-ice drifting speed in summer
for regions 1 and 2. In region3, the ACCESS-CM2 model mostly overestimates sea-ice

motion except in winter months.



6. Discussion

6.1 Strengths and weakness of the models

Koenigk and Dekker, 2020 already indicate EC-Earth-VEG has the trend of sea ice
extent in similar time series as in this thesis, it also points out the seasonal cycle that
minimum in August. EC-Earth3 model has a minimum sea-ice extent one month ear-
lier than the observation result, so one of the weaknesses of the EC-Earth3 model is
simulating the seasonal cycle of sea-ice extent. EC-Earth3 model also overestimates
sea-ice extent vastly. Koenigk and Dekker, 2020 shows and overestimation in Sea-ice
thickness in East Greenland, while our study also point out the overestimation of sea-
ice thickness in Chukchi, Beaufort and Laptev, East Siberian Sea. So another weakness
of the EC-Earth3 model is that it overestimates sea-ice thickness to a large extent com-
pared with observation and all other models. The advantage of the EC-Earth3 model
includes it having a reasonable estimation of the annual variation and decreasing trend
of sea-ice extent, and also it simulates plausible regional distribution and magnitude
of sea-ice drifting speed.

Shu et al., 2020 demonstrate a lower trend of sea-ice extent compared with observa-
tiobn in ACCESS-CM2 model. However, in over study, ACCESS-CM2 model has the
strength that it indicates a similar seasonal cycle of the sea-ice extent to observation
result, and it accurately estimates the decreasing rate of sea-ice extent is very close to
observation. Problems of the ACCESS-CM2 model are that it tends to overestimate
sea-ice extent when sea-ice extent is in a high state. Shu et al., 2020 got the result
that the ice thickness is lower than in PIOMAS, however, in our study, ACCESS-CM2
model has generally overestimated sea-ice thickness in whole Arctic region, and it fails
to simulate a correct seasonal cycle of sea-ice thickness in winter months.

[Bing ZHOU, 2021 model indicates a faster decreasing trend in September than in
March, but it not yet point out other sea-ice extent properties. In our study, BCC-
CSM2-MR model simulates the seasonal cycle and its amplitude perfectly for sea-ice
extent and indicates its decreasing trend. And in the winter months, the BCC-CSM2-
MR model shows a correct seasonal cycle of sea-ice thickness. The weakness of the
BCC-CSM2-MR model is that it underestimates sea-ice extent, sea-ice thickness, and
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sea-ice motion(in region 2). It is not good at describing the regional distribution of
sea-ice drifting speed, and it has an inaccurate projection of peripheral sea-ice drifting
speed. BCC-CSM2-MR model well captured the warming trend of surface air temper-
ature and evaluated tropical climate variability compared with other models, and it
probably relates to smaller sea-ice coverage and thinner sea-ice in model output.

Watts et al., 2021 points out GFDL-ESM4 model underestimate sea ice edge for the
Barents and Kara Seas. In our study, the strength of the GFDL-ESM4 model is its abil-
ity to simulate the decreasing trend of sea-ice extent, it is good at presenting periodical
features of sea-ice extent, and the magnitude of the GFDL-ESM4 model projected sea-
ice extent is comparatively close to observation. Watts et al., 2021 also does not think
GFDL-ESM4 model provides satisfactory result in September, but our study shows
GFDL-ESM4 model provides correct estimation for sea-ice thickness in the seasonal
cycle and the magnitude of sea-ice thickness. In the GFDL-ESM4 model, its weakness
is the deviation in simulating the seasonal cycle. MPI-ESM1-2-HR model simulate
the sea ice thickness distribution similar to the PIOMAS reanalysis (Gutjahr et al.,
2019b) and in our study MPI model also has good performance in sea-ice thickness
study. MPI model also has the advantage that it shows a similar regional distribution
for sea-ice drifting speed in the winter months. The weakness of the MPI-ESM1-2-
HR model is that it underestimates sea-ice extent almost all year round except the
spring season. And in the summer months, sea-ice drifting speed distribution and the
regional difference in sea-ice motion between the three regions are not clearly shown.
The most apparent problem of the MPI-ESM1-2-HR model is that it hardly simulates
the increasing rate of sea-ice motion in summer and has a severe estimation of summer
sea-ice motion. Seland et al., 2020 indicates that NorESM2-LM model and observation
has a good match, and summer trend of sea ice area is well captured. It said the sea ice
decreasing March is well captured by NorESM2-LM, but September trend is underesti-
mated. In our study, NorESM2-LLM can show a correct seasonal cycle of sea-ice extent,
and the magnitude of sea-ice extent in the model is plausible. But the decreasing rate
of sea-ice extent in the model result is too low that it can’t show an evident annual
variation of sea-ice extent. NorESM2-LM model also failed to simulate the correct sea-
sonal cycle of sea-ice thickness in winter months and overestimated sea-ice thickness.
Despite no good performance in sea-ice extent and sea-ice thickness, in the case of
sea-ice motion, it has the best performance among all models. It shows proper sea-ice
drifting speed distribution in all seasons, and it clearly presents the seasonal cycle of
sea-ice drifting speed in three regions, and the magnitude of sea-ice motion is pretty
close to the buoy data result. However, it still has the problem that the increasing
rate of sea-ice motion is much lower than reality. Its primary disadvantage is bad at

simulating the annual variation of sea ice. Most models’ increasing rate of modeled
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sea-ice drifting speed is far below ITABP buoy data result, especially the NorESM2-LM
model and MPI-ESM1-2-HR model in summer months. The scattered result of model
output sea-ice thickness is because sea-ice thickness model data and even observation
data have uncertainties around or under 1 meter, which increases the difficulties veri-
fying model sea-ice thickness.

We can attribute some model output features to the physical description of sea ice. For
example, the overestimation(underestimation) of sea-ice extent physically corresponds
with the overestimation(underestimation) of sea-ice thickness in EC-Earth3 and BCC-

CSM2-MR. However, most times, sea-ice properties vary systematically in a model.

6.2 New findings

Even though the periodical signal in sea-ice extent has disappeared in the 215 century,
many models’ projection result still has a vital periodical sign which is probably due
to the original input of sea-ice extent in the 20" century. All selected CMIP6 mod-
els indicate a negative trend in sea-ice thickness and a clear positive trend in sea-ice
drifting speed in the central Arctic region, which means the zero ice motion zone is
gradually reducing and drifting of sea-ice in the central Arctic becomes inevitable. In
CMIP6 models, sea-ice thickness uncertainties still failed to be reduced, which can we
can see in the scattered modeling result in sea-ice thickness. In CMIP6, some models
are already able to catch up with the observational sea-ice coverage decreasing rate,
but there are still a few models underestimating the decrease of sea-ice coverage.
When comparing CMIP6 sea-ice thickness results with previous studies, many CMIP6
models can simulate the appropriate sea-ice thinning process. In CMIP6 model results,
generally, summer sea-ice thickness has a much sharper decrease than in winter, but
different from previous decades and what we observed in winter sea-ice thickness, fu-
ture sea-ice thickness will no longer be in a steady state, and winter half-year will start
to have contributed to the sea-ice thinning process.

Smedsrud et al., 2011 demonstrated that the increasing trend in sea-ice drift start in
1992. Rampal et al., 2009b shows that between 1979-2007, sea-ice drifting speed in-
creased by 0.05km - day~'year—! on average in Arctic region. While cold months from

1 compared to

December to May has a faster increase trend of 0.06km - day tyear™
the trend (0.05km - day 'year™') during the warm month from June to September.
CMIP6 model projections of sea ice motion increasing rate is already higher than ealier
period, but the main weakness of the CMIP6 model is that none of the selected mod-
els can catch up with the TABP buoy data sea-ice drifting decreasing rate. It is still
mainly underestimating the sea-ice motion, which we need to improve in future model

development.
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We have also studied the regional difference in the thesis, models generally can distin-
guish different features of sea-ice properties in peripheral and central Arctic, but the
difference between the Chukchi Sea, the Beaufort Sea, and Laptev sea, East Siberian
in some models are still not demonstrated by models.

Regional biases of sea-ice thickness and motion distribution are most likely due to per-
sistent oceanic and atmospheric circulation preferences. The sea-ice extent decreasing
rate bias is due to inter-annual variability in each model. The bias of sea-ice thickness
in the model might be due to the snow insulation effect and bias in albedo. The bias of
regional sea-ice might be related to ocean model bias cause sea-ice coverage is related

to ocean surface water temperature Etc.



7. Conclusions

In the thesis, we looked at 6 CMIP6 models, which are EC-Earth3, ACCESS-
CM2, BCC-CSM2-MR, GFDL-ESM4, MPI-ESM1-2-HR, NORESM2-LM, and com-
pared their simulation result of sea-ice extent, sea-ice thickness and sea-ice motion
with observation. There are common features of sea ice that models agreed upon, and
each model has its simulation result.

Most models(except EC-Earth3 and GFDL-ESM4) and observation agreed on a sea-
sonal cycle for the sea-ice extent that maximum sea-ice extent occurs in March, and
minimum sea-ice extent occurs in September. All models successfully simulated a de-
creasing trend which copes with observation. Only the decreasing rate of sea-ice extent
in each model varies.

Most selected models have agreed upon the distribution of sea-ice thickness: Central
Arctic and Canadian Archipelago always have the thickest sea ice, followed by the
East Siberian Sea, Laptev Sea, and Chukchi Sea, Beaufort Sea. East Greenland Sea,
Barents Sea, Buffin Bay, and the Kara Sea always have the thinnest sea ice. Generally,
the central Arctic has thicker sea ice than the peripheral sea; the peripheral sea on the
Pacific side has thicker sea ice than the Atlantic. From all the model results, there’s
a noticeable decreasing trend for sea-ice thickness even though there’s no significant
trend in observation. EC-Earth3, ACCESS-CM2, and NorESM-LM model indicate
that summer sea-ice thickness is higher than winter, while BCC-CSM2-MR, GFDL-
ESM4, MPI-ESM1-2-HR agreed that winter sea-ice thickness is higher than summer.
As we compared model output sea-ice thickness with observation winter sea-ice thick-
ness, GFDL-ESM4, MPI-ESM1-2-HR have plausible simulation. According to these
two models, sea-ice thickness has a more rapid decreasing rate in summer than in win-
ter, and among all the regions that we study, region2, which refers to Laptev and the
East Siberian Sea, has the most rapid sea-ice thinning process than all other regions.
And these models show that maximum sea-ice thickness usually occurs in May, and
minimum sea-ice thickness happens in October. Observation results and GFDL-ESM4,
MPI-ESM1-2-HR, and NorESM2-LM model agreed that in regionl, sea ice is thicker
than in region2. All models demonstrate a minor seasonal fluctuation of sea ice in the

central Arctic.
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sea-ice drifting speed distribution is also agreed by most models and observation, that
Peripheral Arctic sea-ice on Atlantic side has the fastest sea-ice motion, followed by
Peripheral Arctic sea-ice at Pacific side, Canadian Archipelago and Central Arctic al-
ways have the slowest sea-ice motion.

Compared with the scattered model output in sea-ice thickness, sea-ice motion model
outputs generally have much closer simulation to observation. Most of the selected
models show an increasing trend of sea-ice motion, and summer sea-ice motion has
faster than winter, which copes with observation. However, most models have a quicker
increasing rate of sea-ice motion in winter than in summer, which is different from ob-
servation. All selected models severely underestimate the increasing rate of sea-ice
motion. Corresponding with the comparatively faster thinning process in the region2
simulated by models, there’s also a faster increasing rate in region2 in the observa-
tion result, and it’s supported by BCC-CSM2-MR and NorESM2-LM models’” output.
However, all models and observations also agreed that regionl has faster sea-ice mo-
tion in winter than region2. And same as sea-ice thickness, sea-ice motion also has the
slightest seasonal variation in the Central Arctic region. Each model has individual
features too.

EC-Earth3 model’s decreasing rate of sea-ice extent is similar to observation. In the
seasonal cycle, the EC-Earth3 model’s minimum sea-ice extent occurs in August, one
month earlier than observation. EC-Earth3 model also has a larger sea ice extent sea-
sonal cycle amplitude.

The EC-Earth3 model simulates that regions 1 and 2 have a similar sea-ice thickness
in summer, while in winter, region2 has thicker sea ice than regionl; it is different from
the observation where regionl has slightly higher sea-ice thickness. Correspondingly,
regionl has much faster ice motion in winter than region2, while in summer, their mo-
tion magnitude is similar. ACCESS-CM2 model tends to overestimate sea-ice extent
too, but its decreasing rate of sea-ice extent is similar to observation. ACCESS-CM2
model also overestimates sea-ice thickness. In ACCESS-CM2 model output, Central
Arctic ice thickness> the Chukchi Sea and the Beaufort Sea> Laptev and the East
Siberian Sea, which copes with observation. In the ACCESS-CM2 model, seasonal
variation of sea-ice thickness is reduced because of a more rapid decrease of thickness
in summer. Maximum ice thickness happens in June and minimum ice thickness in Oc-
tober and November. In the ACCESS-CM2 model, the annual variation of ice thickness
is substantial, but the regional difference is slight. ACCESS-CM2 model indicates the
largest seasonal cycle amplitude in region2, and maximum sea-ice motion for regionl,2
occurs in September, minimum occurs in March; for the central Arctic, maximum sea-
ice motion occurs in August and minimum in May, its error is controlled within one

month.
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BCC-CSM2-MR constantly underestimates sea-ice thickness, but it has a good simu-
lation of the ice thickness seasonal cycle. For sea-ice thickness, the BCC-CSM2-MR
model indicates that Central Arctic > Laptev and the East Siberian Sea > Chukchi,
and the Beaufort Sea, it doesn’t cope with observation. For sea-ice motion, in sum-
mer, it simulates a slight regional difference, while in winter, there’s an enormous
regional difference. In the BCC-CSM2-MR model, the summer regional difference is
more prominent than the winter. Maximum sea-ice thickness occurs in May, and min-
imum sea-ice thickness occurs in September and October. BCC-CSM2-MR model is
an exception when simulating the trend of sea-ice motion, and there are slightly de-
creasing trend in regionl in summer which is far different from observation. In the
GFDL-ESM4 model, the maximum sea-ice extent occurs in February, which is one
month earlier than observation, and it slightly underestimates sea-ice extent except in
autumn. GFDL-ESM4 model has a good simulation of sea-ice thickness. It indicates
that peripheral sea ice melts faster than central Arctic ice, and ice thickness is higher
in regionl than region2, which copes with observation.

MPI-ESM1-2-HR model is slightly overestimating sea-ice extent in May and June and
underestimating sea-ice extent from July to December; and it is overestimating the
decreasing trend of sea-ice extent. Before 2002, summer ice thickness is higher than
winter; afterward, winter is higher than summer because of the rapid decrease in sum-
mer ice thickness. MPI-ESM1-2-HR model also shows higher ice thickness in regionl
than region2, which comes with observation. MPI-ESM1-2-HR model vastly underes-
timates summer sea-ice motion, so in regions 1 and 3, winter sea-ice motion is higher
than summer. In the winter months, there’s a big regional difference. In the summer
months, there’s a slight regional difference.

Nor-ESM2-LM model has a good estimation for the magnitude of sea-ice extent, but it
has a smaller seasonal cycle amplitude and a much lower decreasing rate. It also over-
estimated sea-ice thickness to a large extent and failed to simulate the correct seasonal
cycle amplitude of sea-ice thickness. It has a maximum sea-ice thickness in August
and a minimum sea-ice thickness in December. Summer has faster ice motion and is
increasing faster than winter. region2 has the most rapidly increasing rate in sea-ice
motion, and it has the biggest seasonal cycle amplitude.

To evaluate the simulation of selected CMIP6 models for sea-ice extent, Most of the
selected models managed to simulate seasonal cycle and decreasing trend for sea-ice
extent, while the NorESM2-LM model shows a way too slight decrease for sea-ice
extent. For the magnitude of sea-ice extent, EC-Earth3 is generally overestimating
sea-ice extent greatly, especially in winter; the BCC-CSM2-MR model underestimates
sea-ice extent all year round. ACCESS-CM2, MPI-ESM1-2-HR, and NorESM2-LM

models perform the best for at least four months when there’s no significant difference
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between the model and observation.

CMIP6 provides scattered model outputs for sea-ice thickness due to the high error of
sea-ice thickness. Only GFDL-ESM4 and MPI-ESM1-2-HR models have no significant
difference from observation in a certain amount of months. BCC-CSM2-MR under-
estimates sea-ice thickness, EC-Earth3, ACCESS-CM2, and NORESM2-LM models
are highly overestimating sea-ice thickness, especially in summer. GFDL-ESM4 and
MPI-ESM1-2-HR have the best performance at sea-ice thickness simulation.

For sea-ice motion, ACCESS-CM2 has a good simulation for regions 1 and 2. EC-
Earth3 also has satisfying performance for the whole Arctic. BCC-CSM2-MR model
underestimates sea-ice drifting speed in summer seasons in regionl and region2 while
overestimating in many months in region3d. MPI-ESM1-2-HR model overestimates sea-
ice drifting speed all year round. ACCESS-CM2 model overestimates sea-ice drifting
speed in summer for regions 1 and 2. In region3, the ACCESS-CM2 model mostly
overestimates sea-ice motion except in winter months. NorESM2-LM model has the
best performance overall, and ACCESS-CM2 has the second-best simulation for regions

1 and 2. EC-Earth3 also has a good simulation for sea-ice motion.
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