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Abstract: To assess the appropriateness of Massachusetts Institute of Technology global ocean circulation model
(MITgem) derived sea ice, monthly average Sea Ice Area (SIA) derived from modelled Sea Ice Concentration (SIC)
has been compared with satellite derived SIA (NSIDC/NASATEAM sea ice area) in Arctic region. MITgem coupled to
a thermodynamic sea-ice model has been used. Data from 1980 to 2010 has been used for comparison. The model
domain is global and the zonal grid spacing is 1° longitude, while the meridional ocean grid spacing is 0.3° of latitude
within 10° of the Equator increasing to 1° latitude pole-ward of 22°N and 22°S. It was found that the overall sea ice
spatial and temporal variations in Arctic region were simulated well by the model. The simulated sea ice area trends
were quite similar to satellite derived sea ice area trends. Model overestimated the rate of decrease of sea ice area when
compared to satellite derived sea ice area. Modelled rate of decrease was 3.7% in comparison to satellite based rate of
1.8% over the period of 31 years (1980 to 2010). An important observation was that satellite derived SIA initially
increased during 1979 to 1992 time period by 5.4% followed by a reduction of 6.8% between 1993 and 2013 time

period. Overall, a decrease of almost 2.3% has been observed from 1979 to 2013.
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1. Introduction

Ice in the sea has major two origins: the freezing of
seawater and the ice broken off from glaciers. Frozen
seawater is called sea ice. The density of sea ice is less
than water; hence it always floats on ocean water.
About 7% of the area of the world ocean which is
approximately 30 million km? is comprised of sea ice.
In the Northern hemisphere maximum sea-ice occurs
during March when entire Arctic ocean and adjoining
seas are frozen while the minima occurs in September
and the sea-ice is confined to the Arctic ocean,
Greenland seas and the Canadian archipelago.
Opposite to Northern hemisphere, in the Southern
hemisphere the minimum occurs in February while the
maxima occurs in September when the Antarctic
continent is surrounded by ice and extends up-to 60-
55° S (Gloersen et al., 1992).

Sea-ice monitoring is of enormous importance both
climatically and also for navigation purposes in higher
latitudes. It interposes an insulating layer between the
ocean and the atmosphere restricting the exchange of
heat, freshwater and momentum fluxes between the
two. Melting and formation of sea-ice modifies the air-
sea interaction and ocean atmosphere feedback
processes. When the ocean is covered by sea-ice then
due to high albedo of sea-ice the solar radiation
incident gets reflected back to the atmosphere resulting
in very less heat absorption by the surface. On the
other hand when the sea-ice melts, the ocean
underneath exposes and due to low albedo of the
ocean, solar radiation is absorbed resulting in net
heating of the ocean. This affects the net heat
transferred to/from the ocean and hence influences the

global heat budget. This is most significant in summer
when the solar heating is higher.

Additionally, sea ice provides an ecosystem for various
polar species, particularly the polar bear in Arctic,
whose environment is being threatened due to
enhanced melting of ice (including sea ice in Arctic
region). Hence it is very important to continuously
monitor and predict sea-ice, mainly to monitor
environment, specifically climate change.

Now-a-days, sea ice record prepared based on satellite
data include sea ice extent, area, concentration,
thickness and the age of the sea ice. Sea ice in
Antarctic region is very different than in Arctic region
as far as its age, thickness, growth/melting patterns,
snow coverage etc. are concerned. Based on analysis
of 10 years data, Massom et al., 2001 found large
regional and seasonal differences in snow properties
and thicknesses and consequences of thicker snow and
thinner ice in the Antarctic relative to the Arctic.

Most of the satellite derived Sea Ice Concentration
(SIC) products available till date are derived using
passive microwave techniques, e.g., Bootstrap
algorithm (Comiso, 1986, 1995), NASA Team (NT)
Algorithm (formerly, Nimbus-7 Team algorithm)
(Cavalieri et al., 1984), NT2 (Markus and Cavalieri,
2000), Arctic Radiation and Turbulence Interaction
STudy (ARTIST) Sea Ice (ASI) (Kaleschke et al..,
2001; Spreen et al., 2008), Ocean Sea Ice (OSI)
algorithm (Breivik et al., 2014). QuikSCAT data were
used for the correction of ice classification (Walker et
al., 2006; Shalina and Johannesen, 2008). Oza et al.,
2010 investigated sea ice trend at 1°x1° grid level over
2000-2007 period using QuikSCAT scatterometer data
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and found that overall monthly trend was negative in
all the Arctic sectors. Zwally et al., 2008 derived sea
ice freeboard heights in the Weddell Sea of Antarctica
from ICESat (Ice, Cloud, and Land Elevation Satellite)
laser altimeter measurements.

To begin with simulations, the earliest ice models were
energy balance models (Budyko, 1969; Sellers, 1969)
which mainly accounted for ice albedo feedback by
parameterizing ocean surface albedo as a function of
sea surface temperature. Hibler (1979, 1980)
developed the numerical treatment of ice as a viscous-
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plastic (VP) material and also explicitly modelled the
ice-thickness distribution. This was followed by
elastic-viscous-plastic (EVP) model proposed by
Hunke and Dukowicz (1997). These new dynamical
schemes evolved in a time of rapid improvement in the
sea ice dynamics in climate models, and now EVP and
VP dynamics are in wide use among climate models.
Similarly sea-ice thermodynamic models also evolved
starting with the thermodynamic model of Maykut and
Untersteiner (1971) which was improved to include
brine pockets by Bitz and Lipscomb (1999).
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Figure 1: Variation of MSMMSIA over Arctic region

Several sensitivity studies have been performed using
numerical models including the effects of surface
precipitation (Powell et al., 2005), winds (Stossel et al.,
2011) and ice-shelf melt-water (Hellmer, 2004).
Models have also been used to assess linkages between
sea ice variability and large-scale climate modes
(Lefebvre and Goosse, 2005, 2008). Several such
models have been validated against ice observations,
including those of ice thickness, with notable success
(Fichefet et al., 2003; Losh et al., 2010; Timmermann
and Beckmann, 2004; Timmermann et al., 2002, 2004,
2005, 2009).

2. Objectives

The objective of the present study is to assess the
appropriateness of MITgem model derived monthly
average sea ice concentration (and hence sea ice area)
for sea ice monitoring over Arctic region. Hence, Sea
Ice Area (STA) calculated from model simulated Sea
Ice Concentration (SIC) from 1980 to 2010 has been
compared with SIA available from satellite data.

3. Study area and data used

The study area for this study covers Arctic region
where sea ice is available. The MITgecm simulated
mean monthly SIC values at 1° x 1° grid were used for
calculating monthly averaged SIA from 1980 to 2010.
Satellite derived SIA from 1979 to 2013 were obtained
from
ftp://sidads.colorado.edu/DATASETS/NOAA/G02135
(Fetterer et al., 2002). The monthly SIA data were
calculated from daily SIC values. The SIC values were
estimated using passive microwave satellite data i.e.
Scanning  Multichannel ~Microwave Radiometer
(SMMR), Special Sensor Microwave/Imager (SSM/I),
Special Sensor Microwave Imager/Sounder (SSMIS).
More information on satellite derived SIA data is
available at http://nsidc.org/data/g02135.html.

4. MITgecm model simulations for sea ice

In the current study, we use the Massachusetts Institute
of Technology General Circulation Model (MITgcm,
Marshall et al., 1997) which is a general circulation
ocean model with a sea-ice model included in it. This
model has a provision to run both the ocean and ice
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model in an interactive mode. The model is widely
used and has an active user community for all sorts of
ocean ice problems. MITgem Version checkpoint62b
has been used in this study; (The manual can be
accessed from this link
http://mitgcm.org/public/r2_manual/latest/online_docu
ments/node2.html). In order to identify the
contribution of thermodynamic process individually,
for this particular study the sea-ice dynamics was kept
disabled and ice melting and evolution was due to
thermodynamic processes alone (Zhang and Hibler,
1997).

The zonal grid spacing is 1° longitude, while the
meridional ocean grid spacing is 0.3° of latitude within
10° of the Equator increasing to 1° latitude pole-ward
of 22°N and 22°S. . This is done to better capture the
equatorial ocean variability. In order to avoid
singularity at the North Pole, the model last grid point
in latitude is of 4° resolution, i.e. after 86°N we have
the northernmost point 90° N. Additionally zonal filter
has been applied to filter out fast gravity waves at the
poles. In the vertical direction there are 46 ocean levels
with thicknesses ranging from 10 m in the top 150 m,
and gradually increasing to 400 m thickness near the
maximum model depth of 5815 m. The model’s
bathymetry is based on ETOPOS5 (Data Announcement
88MGG-02, Digital relief of the Surface of the Earth,
NOAA, National Geophysical Data Centre, Boulder,
Colorado, 1988). The OGCM employs the K-Profile
Parameterization (KPP) vertical mixing scheme of
Large et al. (1994) and the isopycnal mixing schemes
of Redi (1982) and Gent and McWilliams (1990) with
surface tapering as per Large et al. (1997).

Laplacian diffusion and friction are used except that
horizontal friction is bi-harmonic. Isopycnal diffusivity
and isopycnal thickness diffusivity is 500 m’s.
Vertical diffusivity is 5 x 10° m®™. Horizontal and
vertical viscosities are 1013 m’s' and 10* m’s”,
respectively. No-slip bottom, free-slip lateral, and free
surface boundary conditions are employed. The model
is initialized using climatological temperature and
salinity for the month of January from Levitus et al.
(1994) and is integrated forward in time under cold
start conditions (u, v = 0).

The 6-hourly forcing fields of 2m air temperature,
specific humidity, net surface solar radiation,
downward long-wave radiation, 10m zonal and
meridional winds and surface net precipitation have
been taken from NCEP reanalysis (Kalnay 1996) The
model is integrated starting from 1948 until 2010 and
the output is stored on a monthly basis. For analysis
purpose we use the model results starting from 1980
onwards.

5. Results and discussion

Model Simulated Mean Monthly SIA (MSMMSIA)
variations with year (1980 to 2010) over Arctic region
clearly show that SIA during winter months (January,
February, March, April) are high while during summer
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months (July, August, September, October) are low.
The SIA values during May, June, November and
December months are between these two extremes (Fig
1). This behaviour is similar to that observed through
satellite data analysis. Mean sea ice growth cycle
(melting during summer and refreezing during winter)
plot prepared from 31-year averaged monthly
MSMMSIA data is presented in Fig 2. The median
values which are very close to mean values are also
plotted. Overall long term decreasing trend of
MSMMSIA is shown in Fig 3. A linear trend fitted to
31-year mean annual SIA data resulted in following
equation —

Model Mean Annual SIA =-0.037 x Year +83.08
(R2=0.67, SEOE= 0.24, F value=58.3, P value < 0.001)
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Figure 2: Sea ice melt and refreezing cycle over
Arctic region
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Figure 3: Long term decreasing trend from
MSMMSIA over Arctic region

The linear trend is found statistically significant at
99% confidence level. Negative value of the
coefficient (-0.037) shows that there is a decreasing
trend in SIA values during this period.

It is found that the general patterns of sea ice growth
cycles derived from MSMMSIA data over Arctic
region are similar to that obtained from Satellite
Derived Mean Monthly SIA (SDMMSIA) data for the
same time period (Fig 4). In Arctic region, MSMMSIA
values are mostly lower than SDMMSIA values
especially during peak summer and peak winter period
in northern hemisphere. It shows that MITgem is
underestimating SIA during peaks of summer and
winter in Arctic region.
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Figure 4: Comparison sea ice cycles from

MSMMSIA and SDMMSIA over Arctic region

The linear trends fitted for MSMMSIA and
SDMMSIA values are shown in Fig 5. Both the trends
show that SIA is decreasing in Arctic region with time
during this period; the rate of decrease is overestimated
by MITgem.

There is high correlation (coefficient of correlation =
0.75) between MSMMSIA and SDMMSIA values.
The relative deviations (RD) between model and
satellite based SIA ranges from -8.3% (during 2004) to
2.6% (during 1984) with average RD being -4.2%.
While the model suggests SIA decrease of 3.7% in 31-
year period; satellite observed only 1.8% decrease
during this period.

Satellite Mean Annual SIA =-0.018 x Year +45.19
(R2=O.17, SEOE=0.37, F value=5.9, P value = 0.021)

The above trend is statistically significant at 95%
confidence level. A close observation of SDMMSIA
variations with year clearly shows that there was an
increasing trend in from 1980 to 1992 period which
has not been picked up in the model simulated SIA
values (see Fig 5).
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Figure 5: Comparison sea ice trends
MSMMSIA and SDMMSIA over Arctic region

from

Hence, two part analysis of SDMMSIA data was
carried out for 1979 to 2013 period (Fig 6). Following
are the three linear trends obtained from this analysis —

Period 1979 — 1992:
Mean Annual SIA = 0.054 x Year - 98.80
(R2=0.47, SEOE= 0.25, F value=10.8, P value = 0.006)
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Period 1993 -2013:
Mean Annual SIA =-0.068 x Year + 146.9
(R?=0.80, SEOE= 0.21, F value=79.1, P value < 0.001)

Period 1979 - 2013:
Mean Annual SIA =-0.023 x Year + 55.58
(R2:0.29, SEOE= 0.37, F value=13.4, P value < 0.001)
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Figure 6: Reversal of sea ice trends from 1992 as
per SDMMSIA (1979-2013) data over Arctic region

It shows that there was an increase of 5.4% SIA from
1979 to 1992 period followed by a decrease of 6.8%
from 1993 to 2013 period. It resulted in an overall
decrease of 2.3% in SIA between 1979 and 2013 in
Arctic region. All the three linear trends were found
statistically significant at 99% confidence level.

6. Conclusions

Sea ice concentration (SIC) over Arctic region was
simulated with MIT global circulation model
(MITgem) from 1980 to 2010. The inputs were
acquired from various sources and output SIC was
available at 1° x 1° over Arctic Regions. Sea ice area
calculated from SIC and grid geographic area was
compared with satellite derived NSIDC/NASATEAM
sea ice area. In the Arctic region, simulated sea ice area
trends were quite similar to satellite derived sea ice
area trends. In model overestimated the rate of
decrease of sea ice area when compared to satellite
derived sea ice area. An important temporal
phenomenon has been observed while analysing mean
monthly satellite derived sea ice area. It was found that
sea ice area initially increased during 1979 to 1992
time period by 5.4% followed by a reduction of 6.8%
between 1993 and 2013 time period. Overall, a
decrease of almost 2.3% has been observed from 1979
to 2013.

A more detailed study requires to be carried out by
incorporating sea ice dynamics into MITgem model.
There is a need to find out the cause of observed sca
ice trend reversal 1993 onward, in Arctic. We also
need to assimilate satellite derived SIC in the model to
correct for the model bias.
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