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Abstract

In this article, role of ocean advection and atmospheric heat fluxes on recent decadal (2000-2019) decrease of sea-ice in
the Arctic (60° N-90° N) has been investigated using an ocean sea-ice coupled model, known as Modular Ocean Model of
version 5 with Sea Ice Simulator (MOMSIS). MOMSIS successfully simulates AVHRR observed decadal change of sea-ice
concentration (SIC) and sea surface temperature (SST) in the Arctic during all four seasons; winter (December—February),
spring (March—May), summer (June—August) and autumn (September—November) except few occasions. Also, best perfor-
mance of the MOMSIS are restricted at south of 80° N with statistical significance of more than 90%. We have also divided
Arctic Ocean into eight sectors for our detailed analysis. Maximum decadal decrease of SIC and increase of SST has been
observed in the Barents (sector 2), Kara (sector 3) and Laptev (sector 4) Sea regions of the Arctic using both AVHRR and
MOMSIS with statistical significance of 90%. Also, very small decadal decrease (increase) of SIC (SST) has been observed
in the Norwegian (sector 1) and Beaufort (sector 7) Sea regions of the Arctic using both AVHRR and MOMSIS. Mixed layer
heat budget has been performed to understand role of thermodynamics processes on decadal change of SIC and SST in the
Arctic. Strong decadal change of net atmospheric heat (NAH) fluxes are responsible for high decadal change of SIC and SST
in the Barents (sector 2), Kara (sector 3) and Laptev (sector 4) Sea regions of the Arctic. In the Norwegian (sector 1) and
Beaufort (sector 7) Sea, strong destructive interference between decadal change of NAH fluxes and ocean advection play an
important role for small decadal change of SIC and SST during all four seasons. Also, for ocean advection, horizontal part
dominate compared to vertical in all eight sector of the Arctic.

Keywords Global sea-ice model - Arctic Ocean - Recent decadal change - Sea-ice concentration - Sea surface temperature -
Ocean heat budget analysis - Net atmospheric heat fluxes - Ocean advection

1 Introduction

It is well known that Arctic sea-ice extent is declining rap-
idly compared to Antarctic and play a major role for global
climate variability (Bore and Yu 2003; Comiso et al. 2017,
Waunderling et al. 2020; Previdi et al. 2021; Kim et al. 2022).
Maximum decline of sea-ice extent, which has been quan-
tified as sea ice concentration (SIC), are observed in the
Barents, Kara and Laptev Sea regions of the Arctic during
summer and autumn seasons (Drobot et al. 2006; Holland
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et al. 2006; Serreze et al. 2007; Perovich et al. 2011; Holland
etal. 2011, 2019). Satellite observation shows rapid decline
of Arctic SIC from 1978 (Hansen et al. 2010; Stroeve and
Notz 2018; Gascard et al. 2019). Rapid melting of Arctic
sea-ice during summer seasons and associated increase of
sea surface temperature (SST) are responsible for global
weather and climate change, sea-level rise etc. (Stroeve et al.
2007; Budikova 2009; Stroeve et al. 2012; Box et al. 2019).
So, process studies related to decadal reduction of Arctic
SIC is a global interest of research at present.

Various model studies using reanalysis products and
coupled sea-ice model showed possible dynamics and
thermodynamics processes associated with rapid decline
of sea-ice in the Arctic (Steele et al. 2010; Stroeve et al.
2012; Massonnet et al. 2018; Zou et al. 2021). It has been
observed that decadal change of net longwave and shortwave
radiation in the lower atmosphere has a strong impact on
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interannual and decadal variability of SST and SIC in the
Arctic (Jungclaus and Koenigk 2010; Ohmura 2012; Hol-
land and Landrum 2015; Kapsch et al. 2016). Recent dec-
adal increase of downward shortwave radiation in the Arctic
associated with greenhouse gases and aerosole particles has
a strong impact on decadal increase of SST and decrease of
SIC in above regions (Wang and Key 2003, 2005; Holland
and Landrum 2015; Juszak et al. 2017). Similarly, recent
increase of downward longwave radiation associated with
increase air temperature, cloudiness, green house gases like
water vapour, CO, etc. and aerosole particles are respon-
sible for Arctic warming and sea-ice loss (Wang and Key
2003, 2005; Ohmura 2012; Linden et al. 2017). In the recent
decade, air temperature in the Arctic has increased signifi-
cantly of the order of ~2°C and altered air-sea interactions
(Overland et al. 2019; Przybylak and Wyszynski 2020).
Decadal increase of atmospheric downward radiation flux
also responsible for change of atmospheric circulation in the
lower atmosphere and associated change of latent and sen-
sible heat fluxes (Praetorius et al. 2018; Zhang et al. 2021,
Li et al. 2022). Overall, based on previous research, it has
been concluded that decadal change of net atmospheric heat
flux play a major role for decadal variability of SST and SIC
in the Arctic (Jungclaus and Koenigk 2010; Ohmura 2012;
Holland and Landrum 2015; Kapsch et al. 2016; Cao et al.
2018; Ming et al. 2021).

Apart from atmospheric net heat fluxes, ocean advection
also play a significant role on decadal warming of Arctic
(Zhang and Li 2017; Asbjornsen et al. 2019; Linden et al.
2019; Timmermans and Marshall 2020; Polyakov et al.
2020; Ricker et al. 2021). Advection of ocean water play a
critical role by bringing warmer Atlantic and Pacific water
to Arctic Ocean and responsible for increasing SST and
melting of sea-ice in the Arctic (Kim and Kim 2019; Lin-
den et al. 2019; Polyakov et al. 2020). Model studies also
showed impact of oceanic vertical processes on recent dec-
adal change of Arctic SIC and SST by transporting warmer
Atlantic and Pacific water to the Arctic (Ramudu et al. 2018;
Liang and Losch 2018; Kim and Kim 2019). Ocean advec-
tion processes also significantly strengthened by formation
of Beaufort gyre and mesoscale eddies in the Arctic and
responsible for decadal variability of Arctic SST and SIC
(Proshutinsky et al. 2002; Chatterjee et al. 2018; Amritage
et al. 2020). Another critical factor for decadal variability of
SIC and SST in the Arctic comes from ocean internal vari-
ability (England et al. 2019; Bonan et al. 2021). Previous
model studies showed various mechanisms related to forma-
tion of ocean internal variability, like Atlantic Meridional
Overturning Circulation (AMOC), ocean internal instability
etc. (Cheng et al. 2016; Timmermans and Marshall 2018;
Liu et al. 2019) play a major role for decadal change of SIC
and SST in the Arctic.
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Based on various previous model studies, it is well
known that net atmospheric heat fluxes (Jungclaus and
Koenigk 2010; Ohmura 2012; Holland and Landrum 2015;
Kapsch et al. 2016) and ocean advection (Carmack et al.
2015; Aksenov et al. 2016; Oldenburg et al. 2018; Kim
and Kim 2019; Ricker et al. 2021; Tsubouchi et al. 2021)
play a major role in Arctic warming. Recent study in the
Arctic shows a rapid decreasing trend of Arctic summer
sea-ice from 2000 (Swart et al. 2015) with record mini-
mum sea-ice extend during 2012 (Parkinson and Comiso
2013), which highlights importance of the study related
to recent decadal change (decade between 2010-2019
and 2000-2009) of Arctic SIC and SST using both satel-
lite observations and model. Also, no systematic study
has been performed regarding significance of net atmos-
pheric heat flux and ocean advection on recent decadal
(2000-2019) change of Arctic sea-ice and SST using heat-
budget analysis.

In this study, the contribution of oceanic advection and
net atmospheric heat fluxes on recent decadal change of SST
and SIC using heat budget analysis has been derived using
a global ocean sea-ice coupled model for the eight sectors
of the Arctic, which includes Norwegian, Barents, Kara,
Laptev, East Siberian, Chukchi, Beaufort and Greenland
Sea. The manuscript has been organized as follows. Sec-
tion 2 describes observed data and model details. AVHRR
observed and model simulated decadal climatology of SIC
and SST in the Arctic during all four seasons (winter, spring,
summer and autumn) has been discussed in the Sect. 3.
Observed and mode simulated decadal change (between
decade of 2010-2019 and 2000-2009) of SIC and SST in
the Arctic has been discussed in Sect. 4. Section 5 discussed
thermodynamics processes associated with decadal change
of SST and SIC in the Arctic using upper ocean heat budget
analysis during four seasons (winter, spring, summer and
autumn). Section 6 concludes the paper.

2 Data and model

In this section, details of observed data and ocean sea-ice
coupled model has been discussed.

2.1 Observed data

Satellite derived Advanced Very High Resolution Radiome-
ter (AVHRR) data of SIC and SST has been used for detailed
validation of MOMSIS model. AVHRR data is available
with 25 km X 25 km of horizontal resolution and daily tem-
poral resolution. Detailed documentation of AVHRR can
be downloaded from https://daac.ornl.gov/FIFE/Datasets/


https://daac.ornl.gov/FIFE/Datasets/Satellite_Observations/Satellite_AVHRR_Extracted_Data.html#url
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Satellite_Observations/Satellite_ AVHRR_Extracted_Data.
html#url.

2.2 Global ocean sea-ice coupled model

A global ocean sea-ice coupled model based on coupling
between Modular Ocean Model (MOM) of version 5 and
ice model known as Sea ice simulator (SIS) has been used
for detailed study here. The horizontal resolution of the
model (defined as MOMSIS) are set to 0.25° X 0.25° glob-
ally. There are total 50 vertical level in the model with 10
m resolution from surface to 220 m. Tripolar grid has been
used in the model with poles over Eurasia, North America
and Antarctica to avoid polar filtering over Arctic (Murray
1996). Horizontal and vertical advection of momentum and
tracer fields (temperature and salinity) in the MOMSIS are
based on multi dimensional piece-wise parabolic method
(MDPPM) of Dunne et al. (2012). Smagorinsky Laplacian
and Biharmonic schemes described in Griffies and Hallberg
(2000) has been used for horizontal mixing of momentum
and tracers. Similarly, K-profile parameterization (KPP)
schemes has been used for vertical mixing of momentum
and tracers in the MOMSIS (Large et al. 1994). Sea surface
salinity is relaxed to monthly global climatology of Chatter-
jee et al. (2012) with 60 days time scale in order to include
the impact of river runoff forcing in the MOMSIS implicitly.

SIS component of MOMSIS is a three vertical layer
model with one snow and two ice layers. There are total five
categories of ice thickness in the SIS. Estimation of Internal
stresses of ice in the SIS are based on elastic-viscous-plastic
techniques of Hunke and Dukowicz (1997). The thermody-
namics of ice is estimated using Semtner three-layer scheme
of Winton (2000). Detailed documentation of MOMSIS are
available in Delworth et al. (2006).

MOMSIS starts with global temperature and salinity cli-
matology of Chatterjee et al. (2012) during month of Janu-
ary. The model is forced with CORE-II atmospheric forcing
(Large and Yeager 2008) of air pressure at 2 m, downward
and longwave radiation at 2 m, air temperature at 2 m, spe-
cific humidity at 2 m, precipitation at 2 m, snowfall at 2 m
and wind stress at 10 m with horizontal resolution of 2° X 2°.
After 100 year of climatological spin-up, MOMSIS starts
with real-time atmospheric forcing from January 1979 using
ECMWF ERAS5 (Wang et al. 2019) with horizontal resolu-
tion of 0.25° X 0.25° and temporal resolution of 6 h. In this
manuscript, model outputs between January 2000 to Decem-
ber 2019 has been analysed for decadal change of SIC and
SST in the Arctic Ocean defined between 0° E-360° E, 60°
N-90° N.

2.3 Validation

In this manuscript, entire Arctic regions has been divided
into eight sectors; five in the east and three in the west. Eight
major sector named as SO1, S02, S03, S04, S05, S06, SO7
and SO8 includes major part of Norwegian, Barents, Kara,
Laptev, East Siberian, Chukchi, Beaufort and Greenland
Sea respectively. Detailed of above Arctic sector regions
are described in Table 1 and also showed in Fig. 1.

Very high correlation (R) with maximum value of more
than 0.8 has been observed for SIC between AVHRR and
MOMSIS in the Barents (part of S02), Kara (part of S03),
Laptev (part of S04), East Siberian (part of SO5), Chukchi
(part of S06) and Beaufort Sea (part of SO7) regions of the
Arctic compared to Norwegian (part of SO1) and Greenland
(part of SO8) Sea regions (Fig. 1). However, the performance
of the MOMSIS are slightly better in simulation of AVHRR
observed SST compared to SIC in almost every sectors of
the Arctic. Higher R values has been observed for SST in the
Norwegian (part of SO1) and Greenland (part of SO8) Sea
regions of the Arctic compared to SIC (Fig. 1). It is impor-
tant to note that SST in the model has been estimated using
water temperature below sea-ice. Also, a root mean percent-
age error (RMPE) for SIC and SST has been estimated with
low RMPE (less than 40%) at almost every sectors of the
Arctic except few locations (Fig. 1). RMPE defines aver-
age absolute percentage error for a fixed time period (here
20 years) divided by AVHRR values. Detailed long-term
climatological validation of SIC and SST between AVHRR
and MOMSIS are discussed in the supplementary material
(Figures S1-S4). Validation of MOMSIS in simulation of
AVHRR observed decadal climatology and change of both
SIC and SST has been discussed in Sects. 3 and 4.

Table 1 Detailed list of latitude and longitude ranges, which has been
used for different sector regions in the Arctic

Location Longitude average ° E Latitude average ° N
Sector 01 (SO1) 0°E-30°E 60° N-90° N
Sector 02 (S02) 30° E-60° E 60° N-90° N
Sector 03 (S03) 60° E-90° E 60° N-90° N
Sector 04 (S04) 90° E-150° E 60° N-90° N
Sector 05 (S05) 150° E-180° E 60° N-90° N
Sector 06 (S06) 180° E-210° E 60° N-90° N
Sector 07 (S07) 210° E-270°E 60° N-90° N
Sector 08 (SO8) 270° E-360° E 60° N-90° N

Sector has been designed based on regions of eight major seas in
the Arctic. Here, SO1, S02, S03, S04, S05, S06, SO7 and S08 repre-
sents major part of Norwegian, Barents, Kara, Laptev, East Siberian,
Chukchi, Beaufort, Greenland Sea respectively. Eight major Seas of
the Arctic also shown in Fig. 1
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2.4 Statistical significance

In order to estimate 90% statistical significance correla-
tion for SIC and SST between AVHRR and MOMSIS,
method discussed in the appendix of Shankar (1998)
has been used. Total 20 year of data between 01 January
2000 to 31 December 2019 with 3655 degree of freedom
has been used for estimation of correlation and statisti-
cal significance. For low-pass filtered data, similar fil-
ter has been applied for random number series as dis-
cussed in Shankar (1998). For 90% statistical significance
level, correlation value of 0.1 (0.6) is fixed for unfiltered
(~ 400 days low-pass filtered) data with degree of free-
dom of 3655.

Statistical student t-test has been performed for decadal
change analysis of SIC, SST and SST rate using AVHRR
and MOMSIS. Similar student t-test analysis also per-
formed for mixed layer heat budget analysis as discussed
in Sect. 5. For above statistical analysis, 365 days daily
climatological data for 2 decade (01-January-2000 to
31-December-2009 and 01-January-2010 to 31-Decem-
ber-2019) with 400 days low-pass filter has been used.
The formula used for student t-test analysis is given
below:

abs(X_l - X_z)
value = T —m™— *
28 (1
(]71 + ]72)
In Eq. 1, 1,,,» X, and X, represents t-value, mean of first

group, mean of second group respectively. S, S,, N, N, rep-
resents standard deviation of group 1, standard deviation of
group 2, number of observations in group 1 and number of
observations in group 2 respectively. T-critical value for 90%
statistical significance (1.646) with total degree of freedom
of 728 (365 + 365 — 2) is obtained from table chart freely

available on https://www.scribbr.com/statistics/students-t-
table/. T-value higher than t-critical of 1.646 is considered
90% statistical significance. Student statistical significance
analysis for decadal change are described in Table 2.

3 Observed and model simulated decadal
climatology of SIC and SST in the Arctic

In this section, detailed decadal climatological validation
of the MOMSIS in simulation of AVHRR observed SIC
and SST in the Arctic (60° N-90° N) has been discussed.
Here, decadal climatology of SIC and SST has been com-
puted by removing annual variability using 400 days low
pass 4°th order Butterworth time series filter. Decadal cli-
matology of the Arctic has been analysed for four seasons;
winter (December—February), spring (March—May), summer
(June—August) and autumn (September—November).

High values of R and low values of RMPE has been
observed for filtered SIC and SST between AVHRR and
MOMSIS (Fig. 2). Due to low-pass filter, statistical 90% sig-
nificance value for R has increased from 0.1 to 0.6. In the
high latitude Arctic regions (80° N-90° N), small R value
has been observed which are less than 90% statistical sig-
nificance. In other parts of the Arctic (60°~80° N), higher
R value of more than 0.6 with 90% statistical significance
has been observed for above filtered SIC and SST between
AVHRR and MOMSIS.

Very good comparison has been observed for decadal cli-
matological SIC between AVHRR and MOMSIS during both
winter and spring seasons in all eight sectors of the Arctic, but
with slight smaller magnitude (Fig. 3). As an example, in the
Barents (part of S02) Sea regions of the Arctic, AVHRR shows
average strength of SIC with 50.8% and 52.27% during winter
and spring seasons respectively (Table 3). MOMSIS model
also shows slight smaller strength of SIC with 37.8% and 42.1%

Table 2 Statistical student

Location S01 S02 S03 S04 S05 S06 S07 S08
t-test result for decadal
change (between decade of t-value  t-value  t-value t-value t-value t-value t-value t-value
é?éogzsoTl gn?g Szg(:gt‘ezggi?g"f AVHRR (SIC) 2239 264 908 497 181 127 041 624
AVHRR and MOMSIS along AVHRR (SST) 5.99 1109 1024 693 2.56 1.34 0.15 2.18
with MLD heat budget terms AVHRR (SST rate) 0.10 0.10 0.09 0.09 0.08 0.04 0.08 0.03
related to MLT rate, NAH flux, MOMSIS (SIC) 6.56 8.50 5.27 6.18 4.31 5.10 4.95 3.21
gf)iae‘:;‘lvemon and residual MOMSIS (SST) 5.05 8.64 7.43 10.80 498 5.29 7.60 2.11
MOMSIS (SSTrate)  0.03 0.03 0.01 0.04 0.02 0.02 0.05 0.03
MOMSIS (MLT rate) ~ 0.18 0.11 0.0001  0.08 0.13 0.04 0.002 0.5
MOMSIS (NAH flux)  0.72 1.05 2.30 2.88 1.89 0.93 3.30 0.56
MOMSIS (advection)  11.14  2.77 7.25 2265 823 0.83 1431 041
MOMSIS (residual)  0.39 1.78 2.32 4.56 2.01 0.69 1.26 0.77

Detailed procedure of T-test analysis are described in Sect. 2.4. T-value higher than t-critical of 1.646 (90%
significant with total degree of freedom of 728 (365 + 365 — 2)) has been highlighted in bold font
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Table3 List of data estimated 0 SiIc SIC SIC SIC SST  SST  SST SST

for average value of decadal . . ) .

climatology of SIC (%) and Winter  Spring  Summer Autumn  Winter  Spring  Summer  Autumn

SST (°C) based on Figs. 3, 4, %) %) ) %) CC) CC) CC) CC)

5,and 6
S01 (AVHRR)  55.95 58.22 54.78 52.77 4.70 4.56 5.54 5.59
S02 (AVHRR)  50.84 52.27 46.58 44.60 1.48 1.28 2.49 2.57
S03 (AVHRR)  74.14 77.42 64.18 61.69 -069 —-0.86 0.13 0.20
S04 (AVHRR)  86.20 87.79 76.59 75.56 -122 -134 -074 - 0.69
S05 (AVHRR)  82.34 84.46 74.42 72.75 -087 -099 -0.30 -0.25
S06 (AVHRR)  74.86 77.80 65.97 63.67 -029 —-045 0.65 0.73
S07 (AVHRR)  89.12 90.10 82.16 81.62 -124 -132 -0.80 -0.80
S08 (AVHRR)  63.07 65.79 56.37 54.38 2.38 2.29 3.20 3.23

For estimating decadal climatology, annual variability from SIC and SST has been removed using 400 days
low-pass 4’th order Butterworth time series filter. Decadal climatology has been computed for decade
between 01 January 2010 to 31 December 2019

during above two seasons respectively. During summer and
autumn seasons, MOMSIS shows good comparison in simula-
tion of AVHRR observed decadal climatological SIC, but with
lower magnitude as observed during other seasons (Fig. 4).
MOMSIS also successfully simulates AVHRR observed max-
imum decadal strength of SIC in the western Arctic which
includes Greenland (part of S08), Beaufort (part of SO7) and
Chukchi (part of S06) Sea regions, but with slightly smaller
strength. As an example in the Beaufort Sea (part of S02),
AVHRR observed decadal climatological SIC has a magni-
tude of 82.1% and 81.6% during summer and autumn seasons
respectively (Table 3). Model MOMSIS also shows decadal
climatological strength of SIC with 60.7% and 60.1% during
above two seasons respectively.

Very good comparison has been observed using MOMSIS
in simulation of AVHRR observed decadal climatological SST
in the entire Arctic during winter and spring seasons (Fig. 5).
As observed during winter seasons, model MOMSIS success-
fully simulates AVHRR observed higher positive SST in the
Barents (part of S02), Norwegian (part of SO1) and Green-
land (part of SO8) Sea regions of the Arctic during winter
and spring seasons. As an example, in the Norwegian (part
of S01) Sea regions, AVHRR shows average SST of 4.70 °C
and 4.56 °C during winter and spring seasons respectively
(Table 3). MOMSIS also shows almost similar strength of
SST with magnitude of 4.34 °C and 4.26 °C during above two
seasons respectively. Similar very good comparison has been
observed using MOMSIS in simulation of AVHRR observed
decadal climatological SST during summer and autumn

seasons in the entire Arctic, but with slight higher values
(Fig. 6). Also, it has been observed that the performance of
MOMSIS is slightly better in simulation of decadal clima-
tological SST compared to SIC during summer and autumn
seasons (Figs. 4 and 6).

4 Observed and model simulated decadal
change of SIC and SST in the Arctic

In this section, decadal change (decade of 2010-2019 and
2000-2009) of SIC and SST has been compared between
model MOMSIS and AVHRR observations. Annual varia-
bility from SST and SIC has been removed using 400 days
Butterworth low-pass 4’th order time series filter in order
to estimate decadal change. Analysis of student t-test for
decadal change showed 90% statistical significance at Nor-
wegian (part of SO1), Barents (part of S02), Kara (part of
S03), Laptev (part of S04), East Siberian (part of SO5) and
Greenland (part of SO8) Sea regions for both SIC and SST
using AVHRR (Table 2). However, MOMSIS shows 90%
statistical significance at all eight sectors of the Arctic.

It has been observed that R values for SIC and SST
between AVHRR and MOMSIS are below 90% statistical
significance in the north of 80° N. So, AVHRR observed
small decadal increase of SIC and decrease of SST are not
well simulated by MOMSIS at north of 80° N in the Arctic
during all four seasons (Figs. 7, 8, 9 and 10).
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Table 4 List of data estimated
for average value of decadal
change of SIC (%) and SST (°C)
based on Figs. 7, 8, 9 and 10

Fig. 1 Left panel of the figure
shows correlation (R, top) and
root mean percentage error
(RMPE, bottom) between
AVHRR observed Sea ice
concentration (SIC) and model
MOMSIS. Right panel of

the figure shows R (top) and
RMPE (bottom) for Sea surface
temperature (SST). Time series
daily data between 01 January
2000 to 31 December 2019 has
been used for estimation of R
and RMPE values in the Arctic
regions. R values within blue
contour (between —0.1to 0.1)
imply statistical significance of
less than 90%. Eight major sea
written in the bold font imply
dominance of above sea for that
regions. Detailed regions of the
sector related to eight Arctic
major Seas has been described
in Table 1. In the figure, NoS,
BaS, KaS, LaS, EaS, ChS, BeS
and GrS represents Norwegian
Sea, Barents Sea, Kara Sea,
Laptev Sea, East Siberian Sea,
Chukchi Sea, Beaufort Sea and
Greenland Sea respectively

Location SIC SIC SIC SIC SST SST SST SST
Winter  Spring  Summer  Autumn  Winter  Spring  Summer  Autumn
%) %) (%) %) ) O O O
SO1 (AVHRR) -049 0.13 0.05 -0.97 0.31 0.11 0.12 0.24
S02 (AVHRR) -2.67 —-198 —227 -323 0.54 0.41 0.56 0.61
S03 (AVHRR) —-4.35 —-3.08 —497 -6.24 0.37 0.18 0.49 0.59
S04 (AVHRR) -1.15 -036 -3.69 —4.56 0.17 0.00 0.25 0.36
S05 (AVHRR)  0.53 1.71 0.26 - 1.12 0.06 -0.11 -0.03 0.08
S06 (AVHRR) —1.06 0.06 -0.95 —2.11 0.17 -0.02 0.10 0.24
S07 (AVHRR) -021 0.23 - 1.67 —241 0.09 -0.06 0.07 0.17
S08 (AVHRR)  2.01 2.74 2.31 1.44 0.12 0.05 0.09 0.14

In order to estimate decadal change, annual variability from SIC and SST has been removed using
~ 400 days low-pass 4’th order Butterworth time series filter. Decadal change has been estimated by sub-
tracting decadal climatology between decade of 2010-2019 and 2000-2009

Validation of SIC and SST between AVHRR and MOMSIS

R of SIC

AVHRR shows maximum decadal reduction of SIC in
the Barents (part of SO1), Kara (part of S02) and Laptev
(part of S03) Sea regions of the Arctic during winter and
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R of SST

spring seasons (Fig. 7). MOMSIS also successfully simu-
lates maximum decadal reduction of SIC in above regions
during above seasons. As an example, in the Barents
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Fig.2 Left panel of the figure
shows correlation (R, top) and
root mean percentage error
(RMPE, bottom) between

~ 400 days low-pass (LP) fil-
tered AVHRR observed SIC and
model MOMSIS. Right panel
of the figure shows similar R
(top) and RMPE (bottom) for

~ 400 days low-pass filtered
SST. Daily time series data
between 01 January 2000 to 31
December 2019 has been used
for estimation of R and RMPE
values in the Arctic regions.

R values within blue contour
(between —0.6 to 0.6) are less
than 90% statistical significance

(part of S02) Sea regions, AVHRR shows average dec-
adal change of SIC with —2.7% and —2.0% during win-
ter and spring seasons respectively (Table 4). MOMSIS
also shows similar average decadal change of SIC with
higher values of —7.1% and —6.1% during above seasons
respectively.

AVHRR data shows similar maximum decadal reduction
of SIC during summer and autumn seasons in the Barents
(part of S02), Kara (part of SO3) and Laptev (part of S04)
Sea regions of the Arctic as observed during other seasons
(Fig. 8). MOMSIS also shows similar maximum decadal
reduction of SIC in all above three regions of the Arctic
during summer and autumn seasons. As an example in the
Barents Sea (part of S02) regions, AVHRR shows average
decadal change of SIC with —2.27% and —3.23% during
summer and autumn seasons respectively. MOMSIS also
shows similar decadal change of SIC in Barents (part of
S02) Sea regions with —4.94% and —5.93% during above
seasons (Table 4).

MOMSIS also successfully simulates AVHRR observed
very small decadal change of SIC in the western Arctic

R of SIC

Validation of 400 day LP filtered SIC and SST between AVHRR and MOMSIS

R of SST

[
N
NS

regions which includes Beaufort (part of SO7) and Chukchi
(part of S06) Sea regions during all four seasons. As dis-
cussed above, small decadal change of SIC in above regions
leads to below 90% statistical significance level. As an exam-
ple, in the Beaufort (part of SO7) Sea regions of the Arctic,
AVHRR shows decadal change of —0.21%, —0.22%, —1.66%
and —2.41% during winter, spring, summer and autumn sea-
sons respectively (Table 4). MOMSIS also shows smaller,
but higher than AVHRR with decadal decrease of —3.20%,
—1.20%, —3.68% and —5.80% during above seasons respec-
tively. Only in the Greenland Sea, AVHRR shows small
decadal increase of SIC during all four seasons (Table 4).
However, MOMSIS shows very small decadal decrease of
SIC instead of any decadal increase in the Greenland Sea
during all four seasons (Figs. 7, 8 and Table 4).

During winter and spring seasons in the Arctic, AVHRR
also showed maximum decadal increase of SST in the
Barents (part of S02), Kara (part of S03) and Laptev (part
of S04) Sea regions of the Arctic (Fig. 9). MOMSIS also
successfully simulates maximum decadal increase of SST
during winter and spring seasons in above regions. As an
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Fig. 3 Figure shows compari-
son of decadal climatology of
SIC (%) in the Arctic between
AVHRR and MOMSIS dur-
ing winter (left two panels)
and spring seasons (right two
panels). Decadal climatology is
estimated by removing annual
variability from SIC using

400 days low-pass fourth order
time series Butterworth filter

example in the Barents (part of S02) Sea regions, AVHRR
shows average decadal increase of SST with 0.54 °C and
0.41 °C during winter and spring seasons respectively.
MOMSIS also shows similar decadal SST increase of
0.54 °C and 0.37 °C during above seasons in above regions.
Similarly, best performance of MOMSIS are also observed
in simulation of AVHRR observed maximum decadal
increase of SST in Barents (part of S02), Kara (part of S03)
and Laptev (part of S04) Sea regions of the Arctic during
summer and autumn seasons (Fig. 10). As an example, in the
Barents (part of S02) Sea regions, AVHRR showed average
decadal SST increase of 0.56 °C and 0.64 °C during summer
and autumn seasons (Table 4). MOMSIS also shows similar
results with decadal SST increase of 0.51 °C and 0.64 °C
during above seasons in above regions (Table 4).

It has been observed that MOMSIS successfully simu-
lates small average AVHRR observed decadal increase of
SST in the Greenland (part of SO8) Sea regions, however,
it was opposite for SIC (Table 4). For SST decadal change
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also, best performance of MOMSIS are restricted south of
80° N. In conclusion, it can be confirmed that MOMSIS
perform very well in simulation of AVHRR observed dec-
adal change of SIC and SST in the Arctic during all four
seasons (winter, spring, summer and autumn) except very
few occasions and also in the south of 80° N. At higher
latitudes (north of 80° N), the performance of MOMSIS
decreases and need to be improved. Also, it is important to
note that the performance of MOMSIS are slightly better
in simulation of AVHRR observed decadal change of SST
in the Arctic compared to SIC.
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Fig.4 Similar like Fig. 3, but
during summer (left two panels)
and autumn seasons (right two
panels)

5 Upper ocean heat budget analysis
for decadal change of SST and SIC
in the Arctic

In order to understand significance of thermodynamics
processes associated with decadal change of SIC and SST
during all four seasons of the Arctic, an upper ocean heat
budget analysis has been performed in the Arctic ocean
(Vialard and Delecluse 1998; Chen et al. 2015; Vijith et al.
2020).

The equations for heat budget is as follows

Qs + 2% Qu) =1 ( [° °
O,TML=W+T< /_ 0, Tdz + /_ hvadez>

o AN >
v g

NetAtmospheric heatfluxes Horizontal advection

+ %[W_h(T_h - TML)] +R€Sidual.
—

Vertical advection

@

AVHRR during summer

Decadal climatology of SIC (2010 — 2019)

AVHRR during autumn

In equations, T, h, u, v, w, p, (fixed value of 1035.00 kg m™)
and C,, (fixed value of 3989.24 J kg~! K~!) are the potential
temperature, Mixed Layer Depth (MLD), zonal velocity,
meridional velocity, vertical velocity, density of water and
specific heat capacity, respectively. 0,T,,; represents rate of
Mixed Layer Temperature, defined as MLT rate. Q,,, is the
heat loss from the surface as turbulent and long-wave fluxes.
Qs 1s the shortwave radiation absorbed by Seawater. T_,
and w_, represents water temperature and vertical velocity
at the base of MLD. Residual term in the Eq. 2 represents
heat loss due to ocean vertical processes other than vertical
advection and ocean internal variability. In this manuscript,
combination of horizontal and vertical advection term is
used as a ocean advection component in order to quantify the
role of ocean advection on decadal change of SST and SIC.
Annual mean has been removed from each components of
the heat budget term by using 400 days low-pass 4’th order
Butterworth time-series filter.

Statistical student t-test for four component of heat budget
term (MLT rate, net atmospheric heat (NAH) flux, Ocean
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Fig.5 Comparison of decadal
climatology of SST (°C) in the
Arctic between AVHRR and
MOMSIS during winter (left
two panels) and spring seasons
(right two panels). Decadal
climatology is estimated by
removing annual variability
from SST using 400 days low-
pass fourth order Butterworth
filter

advection and Residual processes) has been performed to
quantify 90% significance level related to decadal change
between two decade (20002009 and 2010-2019). Detailed
procedure of t-test has been described in Sect. 2.4. Very
low t-value at all eight sectors of Arctic for MLT rate imply
no 90% statistical significance for decadal change (Table 2).
Similarly, no 90% statistical significance has been observed
for decadal change of SST rate using both AVHRR and
MOMSIS (Table 2). MOMSIS shows 90% statistical signifi-
cance for NAH flux only at Barents (part of S02), Kara (part
of S03), Laptev (part of S04) and Beaufort (part of SO7)
Sea regions. However, using AVHRR, no 90% statistical sig-
nificance has been observed for both SIC and SST decadal
change at Beaufort (part of S07) Sea regions. Similar with
NAH flux, lower t-value has been observed for residual pro-
cesses along-with 90% statistical significant at Barents (part
of S02), Kara (part of S03) and Laptev (part of S04) Sea
regions. Interestingly, for ocean advection, 90% statistical
significance has been observed for 06 major sectors exclud-
ing Chukchi Sea (part of S06) and Greenland Sea (part of
S08). Also, higher t-value associated with ocean advection
has been observed for Barents (part of S02), Kara (part of
S03) and Laptev (part of S04) Sea regions, where maximum
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decadal change of SIC and SST has been observed. Also,
in the Beaufort Sea (part of S07), where decadal change of
both SIC and SST are small, ocean advection is 90% statisti-
cal significant. This further imply that ocean advection has
a critical role for smaller decadal change of SIC and SST
along-with NAH fluxes in the Beaufort (part of SO7) Sea
regions.

5.1 Winter seasons

Heat budget analysis using MOMSIS shows prominent dec-
adal change in rate of MLT during all four seasons, which
includes winter, spring, summer and autumn (Fig. 11). Dur-
ing winter seasons, maximum decadal change of MLT rate
has been observed in the Barents (part of S02), Kara (part
of S03) and Laptev (part of S04) Sea regions of the Arctic
(defined as S02, S03 and S04) (Figs. 11 and 12). Negative
decadal MLT rate change has been observed during winter
seasons due to decrease of decadal SST during months of
winter seasons, which includes December, January and Feb-
ruary (figure not shown). Both, AVHRR and MOMSIS also
showed decadal increase of SST in above regions; higher
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Fig.6 Similar like Fig. 5, but
during summer (left two panels)
and autumn seasons (right two
panels)

SST during winter seasons in above regions during decade
of 2010-2019 compared to 2000-2009 (Fig. 9).

Decadal decrease of SST rate (Figure S7) and decadal
increase of SST in above regions during winter seasons
imply that decrease rate of MLT during winter months for
2010-2019 decade is much higher compared to 2000-2009
(SST increased for 2010-2019 decade during months of
winter seasons compared to 2000-2009). As an example, in
the Barents (part of S02) Sea for 2000-2009 decade, aver-
age SST rate (SST value) of —0.26 °C month™' (0.42°C)
are observed for winter seasons with —0.30 °C month™",
—0.29°C month™" and —0.13°C month™" (0.78°C,0.12°C
and —0.05 °C) for December, January and February months
respectively. Similarly, in the Barents Sea for 2010-2019
decade, average SST rate (SST value) of —0.29 °C month™
(0.95°C) is observed for winter seasons with
—0.35°Cmonth™, —0.32 °Cmonth™" and —0.13 °C month™"
(1.35°C,0.70°C and 0.40 °C) for December, January and
February months respectively.

AVHRR during summer

Decadal climatology of SST (2010 — 2019)

AVHRR during autumn
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Negative SST trend from December to February seasons
also can be interpreted as increase of SST from February to
December month via backward integration. So, decrease of
decadal SST rate for 2010-2019 compared to 2000-2009
further imply increase of decadal SST from February to
December in reverse ways. So, in conclusion, negative dec-
adal MLT rate change during winter and also during autumn
seasons can be interpreted in reverse ways to relate it with
increase of SST from February to December and also, during
November to September. Detailed validation of SST rate for
decadal climatology and decadal change between AVHRR
and MOMSIS has been included in the supplementary docu-
ments (Figures S5, S6, S7 and S8). However, due to increase
of SST during spring (March-May) and summer season
months (June—August), decadal increase of MLD rate during
above seasons can be interpreted using forward integration
from the month of March to August.

During winter seasons, decadal reduction of MLT rate at
Barents (part of S02), Kara (part of S03) and Laptev (part
of S04) Sea regions of the Arctic are dominated by decadal
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Fig.7 Comparison of decadal
change of SIC in the Arctic
between AVHRR and MOMSIS
during winter (left two panels)
and spring seasons (right two
panels). The unit of SIC is %.
Decadal change is estimated by
subtracting decadal climatol-
ogy between 2010-2019 and
2000-2009

decrease of net atmospheric heat (NAH) fluxes (Figs. 11 and
12). MOMSIS shows dominance of ocean advection dur-
ing winter seasons only in the Norwegian (part of SO1) and
Beaufort (part of SO7) Sea regions. In above sea regions
during winter seasons, ocean advection play most sig-
nificant role compared to NAH fluxes for decadal change
of MLT rate. As an example in the Norwegian Sea, aver-
age decadal change of MLT rate during winter seasons is
—0.02°C month™!, which is dominated by decadal change
of ocean advection with average value of —0.02 °C month™
(Fig. 11). As a part of ocean advection, horizontal advec-
tion dominate compared to vertical advection during winter
seasons (Fig. 13). Very small and negligible contribution of
vertical advection has been observed compared to horizontal
at all eight sectors of the Arctic. In other sea regions of the
Arctic during winter seasons, decadal change of MLT rate
are dominated by NAH fluxes and residual processes.
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5.2 Spring seasons

Positive decadal change of MLT rate has been observed dur-
ing spring seasons with its maximum strength at Barents
(part of S02), Kara (part of S03) and Laptev Sea (part of
S04) regions of the Arctic (Figs. 10 and 12). During spring
seasons, MLD rate is positive almost in the entire Arctic
except few regions due to increase of SST during spring sea-
son months, which includes March, April and May (figure
not shown). As an example, in the Barents Sea (part of S02),
MOMSIS shows 0.04 °C month™! decadal change of MLT
rate during spring seasons, which are dominated by decadal
change of NAH fluxes (0.11 °C month™") and residual pro-
cesses (—0.09 °C month™! ). MOMSIS also showed maximum
strength of ocean advection in the Norwegian (part of SO1)
and Beaufort Sea (part of SO7) regions of the Arctic during
spring seasons. In the Norwegian Sea (part of SO1), small
negative decadal change of SST rate during spring seasons
are dominated by destructive interference between posi-
tive decadal change of net heat fluxes and negative decadal
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Fig. 8 Similar like Fig. 7, but
during summer (left two panels)
and autumn seasons (right two
panels)

AVHRR during summer

change of ocean advection (Fig. 11). However, in the Beau-
fort Sea (part of SO7), small positive decadal change of
MLT rate during spring seasons are dominated by destruc-
tive interference between positive decadal change of NAH
fluxes and negative decadal change of ocean advection along
with ocean residual processes. Due to strong dominance of
destructive interference between decadal change of NAH
fluxes and ocean advection, very small decadal increase of
SST and decrease of SIC has been observed in the Norwe-
gian (part of SO1) and Beaufort (part of SO7) Sea regions of
the Arctic. Similar like winter seasons, very small and neg-
ligible contribution of vertical advection has been observed
during spring seasons compared to ocean horizontal advec-
tion in all eight sectors of the Arctic (Fig. 13). In other sea
regions of the Arctic during spring seasons which includes
East Siberian (part of S05) and Chukchi (part of S06) Sea
regions, small decadal change of MLT rate are observed due
to small decadal change of NAH fluxes and residual pro-
cesses (Figs. 11 and 12).

Decadal change of SIC

AVHRR during autumn

10

-10

5.3 Summer seasons

During summer seasons in the Arctic, maximum positive
decadal change of MLT rate also bas been observed in
the Barents (part of S02), Kara (part of SO3) and Laptev
(part of S04) Sea regions of the Arctic (Figs. 11 and 12).
Similar like spring seasons, positive rate of MLT has been
observed almost in the entire Arctic except few regions
due to increase of SST during summer season months,
which includes June, July and August (figure not shown).
As an example in the Barents Sea (part of S02), MOMSIS
shows 0.03 °C month™! decadal change of MLT rate during
spring seasons, which are dominated by decadal change
of NAH fluxes (0.12°C month™!) and residual processes
(=0.10°Cmonth™!). Similar with winter and spring sea-
sons, maximum decadal change of ocean advection with
dominance of horizontal advection compared to vertical has
been observed in the Norwegian (part of SO1) and Beau-
fort Sea (part of SO07) regions of the Arctic during sum-
mer seasons. In both Norwegian (part of SO1) and Beaufort
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Fig.9 Comparison of decadal
change of SST in the Arctic
between AVHRR and MOMSIS
during winter (left two panels)
and spring seasons (right two
panels). The unit of SST is °C.
Decadal change is estimated by
subtracting decadal climatol-
ogy between 2010-2019 and
2000-2009
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(part of SO7) Sea regions, small positive decadal change of
MLT rate during summer seasons are dominated by destruc-
tive interference between positive decadal change of NAH
fluxes and negative decadal change of ocean advection
along with ocean residual processes (Fig. 11). In other Sea
regions of the Arctic during summer seasons, which includes
East Siberian (part of SO5) and Chukchi (part of S06) Sea
regions, small decadal change of MLT rate are observed due
to small decadal change of NAH fluxes and residual pro-
cesses (Figs. 11 and 12).

5.4 Autumn seasons

MOMSIS also showed maximum negative decadal change
of MLT rate during autumn seasons in the Barents (part of
S02), Kara (part of S03) and Laptev (part of S04) Sea regions
of the Arctic, as similar during other three seasons (Figs. 11
and 12). However, in above three regions during autumn sea-
sons, decadal change of MLT rate are dominated by residual
processes compared to NAH fluxes and ocean advection. As
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an example in the Barents (part of S02) Sea during autumn
seasons, our model MOMSIS shows —0.03 °C month™! dec-
adal change of MLT rate, which are dominated by decadal
change of NAH fluxes (—0.01°C month™) and residual
processes (—0.02°C month_l). Also, maximum decadal
change of ocean advection has been observed in the Norwe-
gian (part of SO1) and Beaufort (part of SO7) Sea regions of
the Arctic during autumn seasons as observed during other
three seasons, however, strength of decadal change of ocean
advection is high in the Beaufort Sea (—0.06 °C month™")
compared to Norwegian Sea (—0.02°Cmonth™"). Also,
contribution of decadal change of ocean horizontal advec-
tion dominate compared to vertical at all eight sectors of the
Arctic during autumn seasons (Fig. 13). Similar destructive
interference has been observed between decadal change of
NAH fluxes and ocean advection along with residual pro-
cesses in the Norwegian (part of SO1) and Beaufort (part
of SO07) Sea regions of the Arctic during autumn seasons
and are responsible for formation of small decadal change
of MLT rate along with small decadal increase (decrease)
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Fig. 10 Similar like Fig. 9, but Decadal change of SST
during summer (left two panels)
and autumn seasons (right two
panels)
AVHRR during summer AVHRR during autumn
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of SST (SIC). Similar with other three seasons, in other sea
regions of the Arctic during autumn seasons, small decadal
change of MLT rate has been observed due to small decadal
change of NAH fluxes and residual processes (Figs. 11 and
12).

6 Summary and discussions

In this article, role of atmosphere net heat fluxes and ocean
advection for decadal change (between decade of 2010-2019
and 2000-2009) of SIC and SST in the Arctic (60° N-90°
N) has been discussed. Our model MOMSIS successfully
simulates AVHRR observed maximum decadal reduction of
SIC and increase of SST in the Barents (part of S02), Kara
(part of S03) and Laptev (part of S04) Sea regions during
all four seasons of the Arctic; winter, spring, summer and
autumn except few occasions. Also, best performance of
model MOMSIS are restricted south of 80° N in the Arctic.
Very small decadal reduction of SIC and increase of SST has

been observed in the Norwegian (part of SO1) and Beaufort
(part of SO7) Sea regions of the Arctic using both AVHRR
and MOMSIS. AVHRR showed statistical significance for
decadal change at 06 sectors except Chukchi (part of S06)
and Beaufort (part of SO7) Sea. However, MOMSIS showed
90% statistical significance at all eight sectors of the Arctic.

Using upper ocean MLD heat budget analysis, it has
been observed that decadal change of NAH flux play most
significant role for maximum decadal decrease of SIC and
increase of SST during all four seasons in the Arctic with
90% statistical significance at Kara (part of S03), Laptev
(part of S04), East Siberian (part of S5) and Beaufort (part
of S07) Sea regions. Maximum average decadal decrease of
NAH flux has been observed in the Barents (part of S02),
Kara (part of SO3) and Laptev (part of S04) Sea regions of
the Arctic during winter seasons and responsible for decadal
decrease of MLT rate and also, increase of average SST in
above regions. During summer and spring seasons, MOM-
SIS shows strong decadal increase of NAH fluxes in above
three regions of the Arctic, which are responsible for decadal
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Fig. 11 Histogram showing
decadal change of Mixed Layer
Depth (MLD) heat budget
analysis in the Arctic. Black,
red, blue and green colour val-

MLT rate

1)
g

Decadal change of MLD heat budget analygis

NAH flux Advection

ues in the each box represents
Mixed Layer Temperature
(MLT) rate, net atmospheric
heat (NAH) flux, ocean advec-
tion and residual processes
respectively as written in Eq. 2.
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represents heat budget analysis
for four seasons; winter, spring,
summer and autumn. Here, in
the X-axis, total eight sectors
named as SO01, S02, S03, S04,
S05, S06, SO7 and SO8 repre-
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Sea, Barents Sea, Kara Sea,
Laptev Sea, East Siberian Sea,
Chukchi Sea, Beaufort Sea and
Greenland Sea respectively and
described at Table 1. The Y-axis
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increase of average SST rate and increase of average SST.
During autumn seasons, MOMSIS shows strong decadal
decrease of residual processes compared to decadal increase
of NAH fluxes in above three regions of the Arctic and are
responsible for decadal decrease of average MLT rate and
increase of average SST.

Using MLD heat budget analysis of upper ocean, it has
been observed that destructive interference between decadal
change of NAH fluxes and ocean advection play most crucial
role for very small decadal decrease of SIC and increase of
SST in the Norwegian (part of SO1) and Beaufort (part of
S07) Sea regions of the Arctic. At Norwegian Sea (part of
S01), only decadal change of ocean advection is 90% statis-
tical significance. However, at Beaufort (part of SO7) Sea,
both NAH fluxes and ocean advection are at 90% statistical
significance level.

In the Norwegian (part of SO1) Sea, during winter sea-
sons, small decadal decrease of MLT rate, SIC and increase
of SST are significantly controlled by small decadal decrease
of ocean advection. During other seasons, decadal change of
MLT rate are very small compared to winter. Strong destruc-
tive interference between negative decadal change of ocean
advection and positive decadal change for NAH fluxes play
an important role for very small decadal change of MLT
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rate, SST and SIC in the Norwegian (part of SO1) Sea during
spring, summer and autumn seasons. In the Beaufort (part of
S07) Sea regions of the Arctic during all four seasons, strong
destructive interference between positive decadal change of
NAH fluxes and negative ocean advection along with nega-
tive residual process are observed, which are responsible for
small decadal increase of SST and decadal decrease of SIC.

It is known from earlier research that Norwegian (part
of SO1) Sea regions are the major pathways for intrusion
of warmer Atlantic water in the Arctic (Pickart and Spall
2007; Muilwijk et al. 2018; Kim and Kim 2019; Wang et al.
2020; Smedsrud et al. 2021). Similarly, Beaufort (part of
S02) Sea regions are the major pathways for intrusion of
warmer Pacific water in the Arctic (Proshutinsky et al. 2002;
Chatterjee et al. 2018; Amritage et al. 2020). Using MLD
heat budget analysis, similar strong decadal change of ocean
advection has been observed in the Norwegian (part of SO1)
and Beaufort (part of S02) Sea regions of the Arctic during
all four seasons. Strong decadal decrease of ocean advection
in the above two sectors play an important role for small
decadal decrease of SIC and increase of SST in above two
sectors compared to other sectors in the Arctic during all
four seasons. MOMSIS also shows small decadal increase
of ocean advection in the Barents (part of S02), Laptev (part
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Fig. 12 Decadal change of
MLD heat budget analysis for
winter (first column), spring
(second column), summer (third
column) and winter (fourth col-
umn). First row of the column
shows decadal change of Mixed
Layer Temperature (MLT)

rate (°C month™!), second row
shows decadal change of net
atmospheric heat (NAH) flux
(°C month™), third row shows
ocean advection (°C month™")
and fourth row shows decadal
change of residual processes (°
C month™)

Fig. 13 Decadal change of
ocean advection for winter (first
column), spring (second col-
umn), summer (third column)
and winter (fourth column)
seasons. First row of the
column shows decadal change
of net ocean advection (°

C month™"), second row shows
decadal change of horizontal
ocean advection (°C month™!)
and third row shows decadal
change of vertical advection (°
C month™)
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of S04) and Chukchi (part of S06) Sea regions of the Arctic
during all seasons, however, decadal change of SIC and SST
in above regions are dominated by decadal change of NAH
fluxes and other residual processes. MOMSIS also shows
that decadal change of ocean advection are strongly domi-
nated by its spatial variations. Similar spatial variations also
observed for decadal change of NAH fluxes. Also, horizontal
ocean advection dominate compared to vertical in terms of
ocean advection contribution for decadal change of SIC and
SST. Very small and negligible decadal change of vertical
advection has been observed along all eight sectors of the
Arctic during all four seasons.

It has been observed that best of performance of MOM-
SIS in simulating AVHRR observed decadal change of SIC
and SST are restricted between 60° N-80° N. At higher
latitude (north of 80° N), AVHRR shows smaller decadal
increase of SIC and decrease of SST, however, smaller
opposite decadal change has been observed for both SIC
and SST using MOMSIS. Also, in the Greenland (part of
S08) Sea regions, MOMSIS showed small decadal decrease
of SIC and increase of SST compared to AVHRR observed
small decadal increase of SIC and decrease of SST. Another
major problem of MOMSIS are related to warmer bias for
SST and smaller bias for SIC during summer and autumn
seasons, when sea-ice start to melt and new sea-ice start to
form. One possible reason can be related to atmospheric
forcing using ERAS, whose performance on MOMSIS can
be validated with any other atmospheric forcing from global
reanalysis atmospheric or earth system models. Another pos-
sible reason can be associated with horizontal resolution of
both ocean and sea-ice model, which need to be improved.
Also, ocean and sea-ice parametrization need to be revised
in order to improve the performance of the model in the
polar regions.

In this article, results are restricted on decadal variability
of SIC and SST during four seasons in the Arctic and pos-
sible role of decadal change of atmospheric net heat fluxes
and ocean advection on it. Detailed study related to decadal
change of possible pathways of ocean advection and inclu-
sion of warmer Atlantic and Pacific water in the Arctic need
to be investigated in future.
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