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ABSTRACT

This paper aims to establish a comprehensive trend database for sea ice extent (SIE), sea ice volume (SIV),
and sea ice thickness (SIT) in polar regions, with the influence of global climate change. The analysis
predominantly spans between 1979-2018, coinciding with the onset of satellite-based sea ice measurements.
Arctic exhibits coherent negative trends in SIE, SIV, and SIT; conversely, in Antarctic, the trends in SIE
and SIV are generally positive. Though, a comparison of the SIE trends and data for July 2023 in both polar
regions reveals concerning results. The Arctic's SIE significantly deviates from the reference period
average, surpassing the worst-case climate change projections, while Antarctic displays extreme levels of
decline, deviating from previously observed positive trends. The underlying reasons for these deviations
necessitate urgent investigation and further research, as they hold significant implications for Earth's polar
regions and require heightened scientific attention.
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1. Introduction

The Arctic Ocean is the smallest and shallowest of the five ocean basins of Earth, mainly covered
by sea ice in winter but with more than half of the area ice-free during the permanently summer
season (Ilicak et al. 2016). Its sea ice cover receives net heat input in summer, as shortwave
radiation and sensible heat fluxes directly heat the sea ice, including its snow layer (Itoh et al.
2011). Being an expansive region, the Antarctic, covers the area below the starting latitude of
Antarctic Circle (66°S) and includes the Southern Ocean together with the continent of Antarctica
(Watt, 2023). With around 90% of the world's total surface fresh water and 60% of the world's
total fresh water, Antarctic holds a significant portion of the planet's water resources. Antarctic is
divided into five sectors: the Weddell Sea (WS), the Indian Ocean (IO), the western Pacific Ocean
(WPO), the Ross Sea (RS), and the Bellingshausen and Amundsen Seas (BAS) as seen in Figure
1 (NASA, 2016).

The excessive increase of greenhouse gases in the atmosphere causes global warming and climate
change. According to US National Aeronautics and Space Administration the air temperature
around the world increase between 1980 and 2020 was approximately 1.0°C (NASA, 2020). In
the third Special Report to be produced in the Intergovernmental Panel on Climate Change’s Sixth
Assessment Report (AR6), projected change in global mean surface air temperature in our world
would be increasing up to 4.8 °C until 2100 (IPCC, 2019). Global climate change exhibits a
significant interconnection with the polar regions, stemming from the persistent poleward transfer
of atmospheric thermal energy and moisture, the climate of the polar regions is highly influenced
by the climate at lower latitudes (Ilicak et al. 2016). At seasonal to interannual time scales, sea
ice may influence the climate of mid-high-latitude regions (Francis et al. 2009). The response to
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an increase in atmospheric greenhouse gases concentration simulated by general circulation
models is generally stronger at high latitudes than at lower latitudes (e.g. Manabe et al. 1991;
Houghton et al. 1996). Especially the warming in the Arctic has been much faster than in the rest
of the world, a phenomenon known as Arctic amplification. According to Rantanen et al. (2021)
that region has warmed four times faster than the globe since 1980. Climate change impacts the
sea ice by reducing its coverage, which means that more solar radiation is absorbed by the ocean
instead of being reflected back into space by the ice (Parkinson, 2014). This change in the physical
properties of sea ice creates annual trend. Measurements of sea ice levels have increased since
1979 when the continuously satellites monitoring of the sea ice began. In this study, it is aimed
to show the effects of the climate change to the sea ice by creating sea ice trends lists via using
different studies and different measurement devices. The variation trends of sea ice extent (SIE),
sea ice volume (SIV) and sea ice thickness (SIT) in the polar regions are analyzed in detail.
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Figure 1. (a) Arctic (National Geographic, 2021) and (b) Antarctic (NASA, 2016) general view.

2. Sea Ice Data Systems

Various measurement techniques were employed in the generation of trend values described in
the studies. These measurement systems possess distinct characteristics, which are briefly
outlined: Submarine measurements were conducted using upward looking sonar instruments
installed on Navy submarines, employing digital or analog recording methods. Satellite
measurements are made by different satellites. Satellite measurements involved different
satellites, such as the Ice, Cloud, and Land Elevation Satellite (ICESat), which serves as the
reference Earth Observing System mission for measuring ice sheet mass balance ("ICESat",
2017). The CryoSat (CS) satellite measures sea ice by gauging 'freeboard,' the difference in height
between sea ice and adjacent water, as well as ice sheet altitude, enabling the monitoring of
changes in ice thickness ("CryoSat", 2021). Coupled models are computer-based models of the
earth's climate, in which different parts (such as atmosphere, oceans, land, ice) are "coupled"
together, and interact in simulations (Gerald et al., 1997). The Pan-Arctic Ice-Ocean and
Assimilating System (PIOMAS) is a sea ice-ocean model with sea ice concentration and sea
surface temperature assimilation using optimal interpolation by National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
data which is globally gridded atmospheric data set (Lindsay and Zhang, 2006; Schweiger and
others, 2011). The Coupled Model Intercomparison Project Phase (CMIP5 and CMIP6) is a
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collaborative framework designed to improve knowledge of climate change. The Nucleus for
European Modelling of the Ocean (NEMO) is a framework of ocean related engines for ocean
dynamics and thermodynamics ("NEMO", 2021). The MIT General Circulation Model (MIT
GCM) uses the finite volume method to accurately represent the bottom boundary position
(Adcroftetal., 1998). The National Snow and Ice Data Center (NSIDC) combines remote sensing,
satellites and model data for determining SIE loss. Microwave radiometers (MR) are instruments
that measure the power of the thermal noise emitted at a physical temperature larger than 0 Kelvin-
absolute zero and can provide observations with all-time and all-weather coverage and has high
sensitivity to sea ice permittivity (Emery and Camps, 2017; Wang et al., 2020).

3. Methods

The studies reviewed in this article used the linear trend method to determine the trends of values,
despite the use of various sea ice data systems mentioned earlier.

y =a+ bx

Linear trend refers to a pattern or tendency where the dependent variable (usually denoted as "y")
changes in a linear manner over time (represented by the independent variable, denoted as "x").
In other words, the relationship between the two variables can be described by a straight line. To
determine the linear trend, data is collected from past periods and analyzed using the equation as
seen above. In this equation, "a" represents the constant coefficient or the intercept of the line,
and "b" represents the slope or the trend of the line. The value of "x" represents time, which is
used to estimate the value of "y" at different points in time. (Dokumcu, 2021). In this study,
different time intervals of trend values are standardized annually. The fact that data has been
obtained since 1979 considered in trend calculations meets the concept of a 30-year data set,
which World Meteorological Organization (2017) claims is more accurate in normal and trend
analysis. Trend list is listed on the basis of the date when the trend period started (if there is more
than one trend in the same study, on the basis of reference). If a trend value is seasonal or for
specific month it is specified after the period (i.e. 1979-2012 September, 2003-2013 Autumn).

4. Results and Discussion

Sea ice is the layer of ice formed on top of the sea when it freezes which is a sensitive indicator
of climate change for the polar regions and beyond, so monitoring sea ice is important ("How we
measure sea ice", 2021). The state of the sea ice is determined by its extent, thickness and volume
("SIE", 2020).

4.1 SIE Trends

SIE is a measurement of the area of the ocean where the integral sum of the areas of all grid cells
with minimum ice concentration. Usually threshold of minimum concentration is defined to mark
the ice edge; and “15 percent cutoff” provides the most consistent agreement between satellite
and ground observations (Candanosa 2021; "Quick facts", 2021).

Say1 23, Temmuz 2023 £&103310) 21 @1



Table 1. Arctic SIE Trends.

SIE Trend
Period Method Reference
(103 kmz.y—l)

Satellites -82+ 18
1979-2014 September Shu et al., 2020

CMIP6 70 £6
2002-2017 July-October -19

CryoSat Wang et al., 2020
2002-2017 April-May -2
1972 - 2002 MR -30+3 Cavalieri et al., 2003
1979-2018 September Satellites -82.3+7.3

Kumar et al. 2020

1979-2018 March MR -42.1+3.53

Satellites -43.5+4.1
1979-2015 Shu et al. 2015

CMIP5 37.1+£1.9
1979-2012 -51
1979-2012 March -23
1979-2012 June Satellites -40
1979-2012 September -95
1979-2012 December -35
2013-2100 RCP 4.5 -36
2013-2100 March-RCP 4.5 221
2013-2100 June-RCP 4.5 -28 Huang et al., 2017
2013-2100 September-RCP 4.5 -37
2013-2100 December-RCP 4.5 -38

CMIP5
2013-2100 RCP 8.5 -81
2013-2060 March-RCP 8.5 -36
2013-2060 June-RCP 8.5 -49
2013-2060 September-RCP 8.5 -82
2013-2060 December-RCP 8.5 -71
1978-2013 NSIDC -54.58 £3.70 Simmonds, 2015
1979-2007 MR -65 Deser, 2013
1979-2010 MR -14.6+£2.3 Cavalieri and Parkinson, 2012

Upon examination of the trend values for Arctic SIE in Table 1, a consistent and persistent
negative trend is observed, notwithstanding variations in measurement techniques and time
intervals. This decline in Arctic SIE can be attributed to various physical factors, including
increased solar energy absorption by open water, strong southerly winds transporting warm
temperatures, an intensified wind-driven transpolar drift leading to substantial ice outflow through
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Fram Strait or ice accumulation at the edge of the Canadian Arctic Archipelago basin, and
downward energy fluxes from the atmosphere and northward ocean heat transport (Kumar et al.,
2020). Notably, the most significant decreasing trends in Arctic SIE occur during the autumn
period. Furthermore, projections for future trend values are provided, considering two distinct
scenarios: RCP 4.5 and RCP 8.5. Under RCP 4.5, a medium-mitigation emission scenario where
radiative forcing levels stabilize at 4.5 W/m2 before 2100, Arctic SIE is anticipated to continue
declining across all seasons from 2013 to 2100. Conversely, under RCP 8.5, a high-emission
scenario where radiative forcing levels stabilize at 8.5 W/m2 before 2100, Arctic SIE is expected
to decrease more rapidly in each month from 2013 to 2060, particularly in September and
December. This projection suggests that the Arctic may experience ice-free conditions, where SIE
decreases to less than 1 x 10° km?, as early as September 2053 (Huang et al., 2017).
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Figure 2. Arctic sea ice extent (Met Office, 2023).

Comparing the trends (Table 1) with July 2023 data (Figure 2) reveals worse results. In July 2023,
SIE in the Arctic was recorded as 8.91 x 10° km? (Met Office, 2023), while the average extent for
the reference period of 1981 to 2010 was 10.1 x 10° km?. This significant difference of 1.19 x 10°
km? (equivalent to an annual decline of 92 x 10° km?y ') surpasses the projected annual decline
of 81 x 10° km?y ! for the RCP 8.5 scenario until 2100, as documented in Table 1 (Huang, 2017).
These observations imply that the current decrease in SIE exceeds the predictions for even the
worst climate change scenario, raising substantial concerns for the future state of the Arctic region
and its ecological implications.
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Table 2. Antarctic SIE Trends.

Period Method SIE Trend (10° km*>y™') | Reference
1972 — 2002 MR -15+8 Cavalieri and Parkinson, 2003
GIOMAS +12.9+5.7
1979-2005 CMIP5 336115 Shu et al., 2015
1979-2013 NSIDC +18.6 Turner et al., 2015
1978-2013 NSIDC +15.29 £ 3.85 Simmonds, 2015
+4.0£3.5 (WS)
+2.6 £ 1.8 10)
. +2.6 £ 1.3 (WPO) .
1979-2018 Satellites 5.8 %29 (RS) Parkinson, 2019
-3.7+ 1.8 (BAS)
+11.3£53
1979-2014 CMIP6 710+ 6 Shu et al., 2020
19792015 SB2 +20.2+4.0 Comiso et al., 2017
+4.8 (WS)
+5.6 (10)
+2.3 (WPO)
1979-2013 NSIDC 1119 (RS) Turner et al., 2016
-5.1 (BAS)
+19.5
1992-2008 SICCI +17.75 £ 11.50 He et al., 2016
1979-2012 NSIDC +18 Turner et al., 2013a
1979-2005 +12.7
1979-2005 September CMIP5 20 Turner et al., 2013b
+14.7 + 8.6 (RS) .
1981-2000 NSIDC “13 £ 6.4 (BAS) Laine, 2008

When analyzing the comprehensive records from 1979 presented in Table 2, a general positive
trend in yearly average Antarctic SIE is observed. However, notable exceptions to this trend are
found in the Bellingshausen/Amundsen Seas and CMIP5 measurements. The
Bellingshausen/Amundsen Seas region displays a significant 40-year negative trend,
characterized by decreasing yearly average ice extents during the initial three decades, reaching
a minimum in 2007, followed by an overall upward trend since then. This behavior represents a
reversal in the opposite direction compared to the other four sectors and the Antarctic sea ice
cover as a whole (Parkinson, 2019). Additionally, it is evident that the CMIP5 models exhibit a
remarkable deficiency in reproducing the observed increase in Antarctic sea ice extent. Despite
attempts to implement the effects of ozone in these models, they still fail to capture the actual
trend, highlighting the need for further refinement and improvement in modeling approaches
(Maiming et al., 2017). These findings underscore the complex and region-specific dynamics
governing Antarctic sea ice trends and emphasize the importance of advancing modeling
capabilities to better comprehend and predict sea ice variations in the region.
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Despite numerous proposed mechanisms, the underlying cause of the increasing trend in Antarctic
sea ice extent (SIE) remains ambiguous, with ongoing debates about its anthropogenic or natural
origins (Naiming et al., 2017). Polvani et al. (2013) argue that attributing the observed SIE trends
to anthropogenic forcing is challenging. In contrast, Mahlstein et al. (2013) propose that the
positive SIE trend observed via satellite data may be the result of natural variation combined with
external forcing. Turner et al. (2014) identify a dominant positive trend in the RS sector, where
SIE shows a significant correlation with the depth of the Amundsen Sea Low (ASL), which has
intensified since 1979.
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Figure 3. Antarctic sea ice extent (Met Office, 2023).

Analysis of July 2023 data in Antarctic (Figure 3) displays extreme levels of decline and creates
opposition to positive trend bias. Although 1981 and 2010 average SIE was 15.41 x 106 km2, it
decreased to 14.46 x 106 km2 in 2022, and further plummeted to 12.85 x 106 km2 in 2023. 2.56
x 106 km2 difference between 2023 and 1981-2010 period (197 x 103 km2y—1) is far from
correlating with the previously observed positive trend values (Table 2). This discrepancy raises
concerns as it deviates from the expected trend values and the specific reasons behind this
deviation have not been clearly identified in the available information, warranting further
investigation and research in this area (The Guardian, 2023). The urgency to investigate these
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unprecedented changes in SIE is evident, as it holds significant implications for the Earth's polar
regions and beyond.

Table 3. Arctic and Antarctic Ensemble SIE Trends.

Period Method SIE Trend (10° km*y™) Reference
1979-2013 -35+2.9

1979-1996 -21.5+10.6

1996-2013 Satellite -50.5+£20 Parkinson, 2014
1979-2013 September -68.2 +10.5

1979-2013 May -6.1+£10.6

1978-2013 NSIDC -35.29+5.75 Simmonds, 2015

Parkinson (2014) and Simmonds et al. (2015) also calculated total loss of SIE of both Arctic and
Antarctic regions ensemble. The values can be seen in Table 3. The trend values of Parkinson
(2014) between 1979-2013 are remarkable. The reduction values after 1996 are more than twice
the values up to 1996.

4.2 SIV Trends

SIV is a crucial parameter influencing the Earth's energy and water budget, but its direct
observations are severely limited. Nevertheless, it can be estimated by integrating data from sea
ice cover and SIT measurements spanning the entire Arctic region (Bunzel et al., 2018). Unlike
SIE, SIV exhibits a more direct connection with climate forcing, making it an essential climate

indicator in climate research (Shu et al., 2015).

Table 4. Arctic SIV Trends.

Period Method SIV Trend (km3/year) | Reference
1979-2010 PIOMAS -280 Schweiger et al., 2011
1979-2011 CMIP5 -226 Song, 2016
September Satellites -321
1979-2012 March PIOMAS no trend (Fram Strait) Zhang et al., 2017
1979-2015 PIOMAS 214+ 14 Shu et al. 2015
CMIP5 -145+5
1979-2016 PIOMAS -310 Labe, 2017
1979-2018 Satellites -300 £ 20 Kumar et al., 2020
September
1984-2008 Submarines (1984- -411 Liuet al., 2020
2000)
ICESat (2003-2008)
1992-2014 Submarines no trend (Fram Strait) Spreen et al., 2020
Satellites
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2002-2010 Envisat -177 (min) Lietal., 2021
PIOMAS -360 (max)
2003-2008 Autumn | ICESat -1450 + 530 Zygmuntowska et al.,
2003-2008 Spring -880 + 260 2014
2003-2013 Autumn | ICESat (2003-2008) -210.8 Bietal, 2018
2003-2013 Winter | CSt-2 (2011-2013) -320.6
2003-2014 Winter ICESat-2, CS-2 -417 Kwok and Cunningham,
2003-2014 Autumn =776 2015
2003-2014 Winter | ICESat -862
2003-2014 Autumn -1237
2003-2015 Autumn | ICESat (2003-2008) -390 Bietal, 2018
2003-2015 Spring CS-2 (2011-2015) -121.6
2003-2018 Winter Submarines -287 Kwok, 2018
2003-2018 Fall ICESat -513
CS-2
2004-2014 Winter | ICESat (2004-2008) -402 Labe, 2017
2004-2014 Summer | CS-2 (2011-2014) -760

2010-2018

CS-2

no clear trend

Lietal., 2021

PIOMAS

Upon scrutinizing the trend list for SIV in Table 4, a consistent and pervasive negative trend in
the Arctic region becomes evident. Intriguingly, no discernible trend values were identified in the
Fram Strait, a critical linkage zone between Greenland and Svalbard, connecting the Atlantic
Ocean to the polar seas. The absence of a discernible trend there merits further investigation and
may offer critical insights into the intricate dynamics governing sea ice volume transport and
distribution in this significant region. Notably, the autumn season displays the most pronounced
negative trend values, mirroring the pattern observed in SIE.

Table 5. Antarctic SIV Trends.

Period Method SIV Trend (km3/year) Reference
1979-2004 NCEP-NCAR | +20 Zhang, 2007
+35.5+33.8
+15+£12.4 (RS)
1980-2008 NEMO-LIM2 Massonet et al., 2013
+20.9 £ 36.2 (WS)
-4.5+5.4 (BAS)
1990-2010 MITgem +30 Holland et al., 2014
2003-2008 Spring | ICESat -266 Kurtz and Markus, 2012

Say1 23, Temmuz 2023 £&1013310) 21 @1




2003-2008
-160
Summer

When analyzing the trend list for Antarctic SIV in Table 5, a general increasing pattern in SIV
values, SIE values, is observed. However, it is important to note that the article by Kurtz and
Markus (2012) reports a contrasting negative trend, particularly more pronounced during spring
than in summer. Remarkably, positive values in the trend list correspond to modeling results,
while negative values are derived from satellite data. This pattern mirrors the findings observed
in the SIE trend list, wherein satellite-derived data exhibit negative trends, while model-based
data present positive trends.

4.3 SIT Trends
Table 6. Arctic SIT Trends.
Period Method SIT Trend (cm/year) | Reference
1980-2007 ICESat -6.1 Kwok and Untersteiner, 2011
20002013 Satellites. -5.8+0.7 Lindsay and Schweiger, 2014
Submarines
2002-2017 Autumn -1.5
2002-2017 Winter Envisat, CS -1.8 Wang et al., 2020
2002-2017 -5.1 (Hudson Bay)
2003-2011 PIOMAS -6+04 Lindsay and Schweiger, 2014
2003-2011 Spring ICESat -1.5 Laxon et al., 2013
2011-2017 May-October CS-2 -3,-4.5 Gao et al., 2021

SIT data is necessary for assessing sea ice mass balance, the surface energy budget, seasonal and
annual sea ice prediction, and changes in the polar climate system (Labe, 2017). Observations of
SIT are very sparse, compared to other observations which have a continuous satellite record from
1979 to the present. SIT is not measured directly by satellite due to the remote location of polar
regions, and the difficulty of satellites signals to penetrate through the sea. Rather, it is freeboard
that measured, or the height of the sea ice above the ocean surface, from which SIT may be
calculated, given the depth of snow on top of the sea ice and hydrostatic equilibrium. One satellite
mission (ICESat) evaluating SIT does not provide continuous measurements; rather, they only
offer readings over two periods of the annual cycle, close to the minimum SIT in fall and close to
the maximum SIT in spring. While the other satellite mission (CS-2) provides weekly and
monthly data, its SIT estimates are only available during the cold season due to melt pond
formation in the summertime. Only observations from submarines offer direct measurements of
SIT, but those measurements are limited by small areal extent and sporadic temporal coverage
(Massonet et al., 2013; Labe and Magnusdottir, 2018). Reconstructions using numerous
observational sources show a 65% decline in annual mean SIT in the central Arctic since the
1970s (Lindsay and Schweiger, 2015). Looking at the trend list in Table 6, there are only satellite
or submarine measurements and there is a consistent decrease in the Arctic region, as in SIE and
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SIV; however in the Antarctic region, it can be seen that the value obtained with the satellite is
negative, and the model and MR calculations are not negative as in Table 7.

Table 7. Antarctic SIT Trends.

Period Method SIT Trend (cm/year) | Reference

1990-2010 MITgem +0.15 Holland et al., 2014

1992-2011 MR no negative trend Aulicino et al., 2013

2003-2008 Spring, Summer | ICESat -3 Kurtz and Markus 2012
5. Conclusions

The primary objective of this paper is to establish a fundamental trend database for SIE, SIV and
SIT data of polar regions. The underlying driving force behind these trends is attributed to global
climate change. Notably, trend analyses predominantly commence from the year 1979, coinciding
with the initiation of satellite-based sea ice measurements. This time frame is deemed optimal for
trend analysis, encompassing a 30-year period, which is considered more robust for assessing
long-term variations. The research commonly employs satellite measurements, microwave
radiometer remote sensing techniques, and numerical model calculations. Notably, the number of
SIE and SIV data is greater compared to SIT. This discrepancy arises due to the challenges
associated with accurately calculating SIT. SIE, SIV and SIT trend values are coherently negative
in the Arctic region. For the seasonal and monthly trend, autumn, especially September, has the
higher trend values than other seasons in negative direction. It is remarkable that in SIE; the
negative trend values after 1996 are more than twice the values up to 1996. For future projections,
it is predicted that the SIE value will decrease by more than 3 x 10° km? by 2100 in the Arctic
under the RCP 4.5 scenario. If RCP 8.5 scenario happens, the Arctic will be almost free of ice in
September before 2060, at approximately 2053. The similar thing is valid for SIV data. Under the
RCP4.5 scenario after 2060, SIV in the Arctic becomes persistent around 1.2 x 10* km?. If RCP
8.5 scenario happens, SIV value will be below 1 x 10° km? before 2060, just as in the SIE. In the
Antarctic, as different from Arctic, SIE and SIV trends are generally positive. Some studies found
the negative trend values, contrarily. The comparison of the trends and July 2023 SIE data in both
the Arctic and Antarctic presents intriguing and concerning findings. In the Arctic, July 2023 SIE
significantly deviates from the reference period average, surpassing even the worst climate change
scenario projections. This unprecedented decrease raises substantial concerns for the future state
of the Arctic region. Similarly, in Antarctic, the data for July 2023 reveals extreme levels of SIE
decline, diverging from previously observed positive trend values. The reasons behind this
deviation remain unclear, demanding urgent investigation and further research. Unprecedented
changes in sea ice hold significant implications for the Earth's polar regions and beyond,
necessitating heightened attention and scientific inquiry into this critical area of concern.

Say1 23, Temmuz 2023 £&103310) 21 @1



References

Adcroft, A.J., Hill, C.N. and Marshall, J. Representation of topography by shaved cells in a height
coordinate ocean model. Mon Wea Rev, 1998; 125: 2293-2315.

Aulicino, G., Fusco, G., Kern, S., and Budillon, G. 1992-2011 sea ice thickness estimation in the
ross and Weddell seas from SSM/I brightness temperatures. Paper presented at the European
Space Agency, (Special Publication) ESA SP, 2013; 712.

Bi, H., Zhang, J., Wang, Y., Zhang, Z., Zhang, Y., Fu, M., . . . Xu, X. Arctic sea ice volume
changes in terms of age as revealed from satellite observations. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing, 2018; 11(7): 2223-2237.
doi:10.1109/JSTARS.2018.2823735

Boé, J., Hall, A. & Qu, X. September sea-ice cover in the Arctic Ocean projected to vanish by
2100. Nature Geoscience, 2019; 2:341-343. https://doi.org/10.1038/ngeo467

Bunzel, F., Notz, D. and Pedersen, L. T. Retrievals of Arctic sea-ice volume and its trend
significantly affected by interannual snow variability. Geophysical Research Letters, 2018; 45:
11,751-11,759. https://doi.org/10.1029/2018GL078867

Bushuk, M., Msadek, R., Winton, M., Vecchi, G. A., Gudgel, R., Rosati, A., and Yang, X.
Summer enhancement of Arctic sea ice volume anomalies in the September-ice zone. Journal of
Climate, 2017; 30(7): 2341-2362.

Candanosa, R.M. NASA Finds 2021 Arctic Summer Sea Ice 12th Lowest on Record. NASA's
Climate Change News. Retrieved from https://climate.nasa.gov/news/3114/nasa-finds-2021-
arctic-summer-sea-ice-12th-lowest-on-record/ Accessed at: 2021, September 22.

Cavalieri, D. J. and Parkinson, C. L. Arctic sea ice variability and trends, 1979-2010. Cryosphere,
2012; 6(4), 881-889. doi:10.5194/tc-6-881-2012

Cavalieri, D. J., Parkinson, C. L., & Vinnikov, K. Y. 30-year satellite record reveals contrasting
arctic and Antarctic decadal sea ice variability. Geophysical Research Letters, 2003; 30(18): CRY
4-1-4-4. doi:10.1029/2003GL018031

CryoSat. 2021. Retrieved from https://earth.esa.int/eogateway/missions/cryosat

Deser, C. and Teng, H. Recent trends in arctic sea ice and the evolving role of atmospheric
circulation forcing, 1979-2007. Arctic sea ice decline: Observations, projections, mechanisms,
and implications, 2013; pp. 7-26. doi:10.1029/180GMO03

Dokumcu, K. Investigation Of The Effects Of The Climate Change On The Oceanographic
Conditions Of The East Marmara Sea (Master's thesis). Institute of Marine Sciences and

Management, istanbul, 2021.

Emery W. and Camps A. Introduction to Satellite Remote Sensing, 2017; 131-290,
https://doi.org/10.1016/B978-0-12-809254-5.00004-X

(GBI ANGY Sayr 23, Temmuz 2023



A REVIEW OF SEA ICE TRENDS ON POLAR REGIONS

Francis, J. A., Chan W., Leathers D. J., Miller J. R., and Veron D. E. Winter Northern Hemisphere
weather patterns remember summer Arctic sea-ice extent. Geophys. Res. Lett., 2009; 36: L07503,
doi:10.1029/2009GL037274.

Gao, X., Pang, X., and Ji, Q. Spatiotemporal variation of sea ice freeboard in the Antarctic weddell
sea based on CryoSat-2 altimeter data. Wuhan Daxue Xuebao (Xinxi Kexue Ban)/Geomatics and
Information Science of Wuhan University, 2021, 46(1): 125-132.
doi:10.13203/j.whugis20180504

Gerald M.A., Boer G.J., Covey C., Latif M. and Stouffer R.J. Intercomparison makes for a better
climate model. EOS Science News, 1997; 78(41): 445-451. https://doi.org/10.1029/97E000276

Holland, P. R., Bruneau, N., Enright, C., Losch, M., Kurtz, N. T., and Kwok, R. Modeled trends
in antarctic sea ice thickness. Journal of Climate, 2014; 27(10): 3784-3801. doi:10.1175/JCLI-D-
13-00301.1

Houghton J., Meira Filho L.G., Callander B.A., Harris N., Kattenberg A. and Maskell K. (Eds)
Climate change 1995. The science of climate change. Intergovernmental Panel on Climate
Change. Cambridge University Press, 1996; pp 572.

How we measure sea ice, 2021. Retrieved from
https://www.metoffice.gov.uk/research/climate/cryosphere-oceans/sea-ice/measure

Huang, F., Zhou, X., and Wang, H. Arctic sea ice in CMIP5 climate model projections and their
seasonal variability. Acta Oceanologica Sinica, 2017; 36(8). doi:10.1007/s13131-017-1029-8
ICESat. Retrieved from https://icesat.gsfc.nasa.gov/

Ilicak, M., Drange, H., Wang, Q., Gerdes, R., Aksenov, Y., Bailey, ... Yeager, S.G. An assessment
of the Arctic Ocean in a suite of interannual CORE-II simulations. Part III: Hydrography and
fluxes. Ocean Modelling, 2016; 100: 141-161. https://doi.org/10.1016/j.0cemod.2016.02.004

IPCC, 2019. Technical Summary [H.-O. Portner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, E.
Poloczanska, K. Mintenbeck, M. Tignor, A. Alegria, M. Nicolai, A. Okem, J. Petzold, B. Rama,
N.M. Weyer (eds.)]. In: IPCC Special Report on the Ocean and Cryosphere in a Changing Climate
[H.- O. Portner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K.
Mintenbeck, A. Alegria, M. Nicolai, A. Okem, J. Petzold, B. Rama, N.M. Weyer (eds.)].
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 39-69.
https://doi.org/10.1017/9781009157964.002

Itoh, M., Inoue J., Shimada K., Zimmermann S., Kikuchi T., Hutchings J., McLaughlin F.A., and
Carmack E. Acceleration of sea ice melting due to transmitted heat through pounded ice area in

the Arctic Ocean: Results of in situ observation from icebreakers in 2006 and 2007. Ann. Glaciol.,
2011; 52: 249-260. doi:10.3189/172756411795931471

Kumar, A., Yadav, J., Mohan, R. Global warming leading to alarming recession of the Arctic sea-
ice cover: Insights from remote sensing observations and model reanalysis. Heliyon, 2020; 6(7).
doi: 10.1016/j.heliyon.2020.e04355

Say1 23, Temmuz 2023 £&103310) 21 @1



Kurtz, N. T., and Markus, T. (2012). Satellite observations of Antarctic sea ice thickness and
volume. Journal of Geophysical Research: Oceans, 117(8) doi:10.1029/2012JC008141

Kwok, R. Arctic sea ice thickness, volume, and multiyear ice coverage: Losses and coupled
variability (1958-2018). Environmental Research Letters, 2018; 13(10). doi:10.1088/1748-
9326/aae3ec

Kwok, R. and Untersteiner N. The Thinning of Arctic Sea Ice. Physics Today, 2011; 64 (4): 36—
41.

Labe, Z., National Center for Atmospheric Research Staff (Eds). The Climate Data Guide: Sea
Ice Thickness Data Sets: Overview & Comparison Table. 2017. Retrieved from
https://climatedataguide.ucar.edu/climate-data/sea-ice-thickness-data-sets-overview-
comparison-table.

Labe, Z.M., Magnusdottir, G., and Stern, H.S. Variability of Arctic Sea Ice Thickness Using
PIOMAS and the CESM Large Ensemble. Journal of Climate, 2018; 31, 3233-3247.

Labe, Z. Arctic Sea Ice Volume/Thickness, 2021. Retrieved from
https://sites.uci.edu/zlabe/arctic-sea-ice-volumethickness/

Laxon, S. W. and Coauthors. Cryosat-2 estimates of Arctic sea ice thickness and volume.
Geophys. Res. Lett., 2013; 40: 732-737. doi:10.1002/grl.50193.

Li, M., Ke, C., Shen, X., Cheng, B. and Li, H. Investigation of the Arctic Sea ice volume from
2002 to 2018 using multi-source data. International Journal of Climatology, 2021; 41: 2509-2527.
doi:10.1002/joc.6972.

Li, M., Ke, C., Shen, X., Cheng, B., Li and H. Investigation of the Arctic Sea ice volume from
2002 to 2018 using multisource data. International Journal of Climatology, 2021; 41: 2509-2527.
doi:10.1002/joc.6972.

Lindsay, R. and Zhang J. Arctic Ocean ice thickness: Modes of variability and the best locations
from which to monitor them. J. Phys. Oceanogr., 2006; 36: 496506, https://doi.org/10.1175/
JPO2861.1.

Lindsay, R. and Schweiger, A. Arctic Sea Ice Thickness Loss Determined using Subsurface,
Aircraft, and Satellite Observations. The Cryosphere Discussions, 2014; 8. 10.5194/tcd-8-4545-
2014.

Liu, Y., Key, J. R., Wang, X., & Tschudi, M. Multidecadal arctic sea ice thickness and volume
derived from ice age. Cryosphere, 2020; 14(4), 1325-1345. doi:10.5194/tc-14-1325-2020

M. Zygmuntowska M., Rampal P., Ivanova N. and Smedsrud L. H. Uncertainties in Arctic sea
ice thickness and volume: new estimatesand implications for trends. Cryosphere, 2014; 8: 705-
720. doi:10.5194/tc-8-705-2014

(GBI ANGY Sayr 23, Temmuz 2023



A REVIEW OF SEA ICE TRENDS ON POLAR REGIONS

Manabe S., Stouffer R.J., Spelman M.J. and Bryan K. Transient responses of a coupled
atmosphere—ocean model to gradual changes of atmospheric CO2. I. Annual mean response. J
Clim, 1991; 4: 785-818.

Massonnet F., Mathiot P., Fichefet T., Goosse H., Beatty C., Vancoppenolle M. and Lavergne T.
A model reconstruction of the Antarctic sea ice thickness and volume changes over 1980-2008
using data assimilation. Ocean Modelling, 2013; 64: 67-75.
https://doi.org/10.1016/j.0ocemod.2013.01.003.

Met Office. Briefing on Arctic and Antarctic Sea Ice - July 2023. Accessed at: 2023, July 29.
https://www.metoffice.gov.uk/research/approach/monitoring/sea-ice/2023/briefing-on-arctic-
and-antarctic-sea-ice---july-2023.

NASA, GISS. Global temperature, climate change, 2020. Retrieved from
https://climate.nasa.gov/vital-signs/global-temperature/

National Geographic. Arctic Ocean map, 2021. Retrieved from Arctic-map.jpg (4179%x4200)
(nationalgeographic.org)

NEMO, 2021. Retrieved from https://www.nemo-ocean.eu/doc/node4.html

Parkinson, C. L. Global Sea Ice Coverage from Satellite Data: Annual Cycle and 35-Yr Trends,
Journal of Climate, 2014; 27(24): 9377-9382.
https://journals.ametsoc.org/view/journals/clim/27/24/jcli-d-14-00605.1.xml

Quick facts, 2021. Retrieved from
https://nsidc.org/cryosphere/quickfacts/seaice.html#:~:text=Arctic%20sea%20ice%20keeps %20
the%20polar%20regions%20cool,the%200cean%20absorbs%2090%20percent%200f%20the%2
Osunlight.

Rantanen M., Karpechko A., Lipponen A., Nordling K., Hyvérinen O., Ruosteenoja K., Vihma
T. and Laaksonen A. The Arctic has warmed four times faster than the globe since 1980, 2018.
https://doi.org/10.21203/rs.3.rs-654081/v1

Schweiger, A., Lindsay R., Zhang J., Steele M., Stern H., and Kwok. R. Uncertainty in modeled
Arctic sea ice volume. J. Geophys. Res., 2011; 116: C00DO0e6,
https://doi.org/10.1029/2011JC007084.

NASA, 2016. Antarctic Sea Ice. Retrieved from
https://www.earthobservatory.nasa.gov/features/Sealce/page4.php

Shu, Q., Song, Z. and Qiao, F. Assessment of sea ice simulations in the CMIP5 models.
Cryosphere, 2015; 9(1): 399-409. doi:10.5194/tc-9-399-2015

Shu, Q., Wang, Q., Song, Z., Qiao, F., Zhao, J., Chu, M., and Li, X. Assessment of sea ice extent

in CMIP6 with comparison to observations and CMIPS5. Geophysical Research Letters, 2020;
47(9). doi:10.1029/2020GL087965

Say1 23, Temmuz 2023 £&103310) 21 @1



SIE, 2020. Retrieved from http://polarportal.dk/en/sea-ice-and-icebergs/sea-ice-extent0/

Simmonds, 1. Comparing and contrasting the behavior of arctic and Antarctic sea ice over the 35-
year  period  1979-2013.  Annals of  Glaciology, 2015;  56(69): 18-28.
doi:10.3189/2015A0G69A909

Song M.R. Change of Arctic sea-ice volume and its relationship with sea-ice extent in CMIP5
simulations,  Atmospheric and Oceanic Science Letters, 2016; 9:1: 22-30,
doi:10.1080/16742834.2015.1126153

Spreen, G., de Steur, L., Divine, D., Gerland, S., Hansen, E., and Kwok, R. Arctic sea ice volume
export through fram strait from 1992 to 2014. Journal of Geophysical Research: Oceans, 2020;
125(6). doi:10.1029/2019JC016039

The Guardian, 2023. Something weird is going on: search for answers as Antarctic sea ice stays
at historic lows. Retrieved from https://www.theguardian.com/world/2023/jul/29/something-
weird-is-going-on-search-for-answers-as-antarctic-sea-ice-stays-at-historic-

lows?CMP=Share AndroidApp_Other Accessed at: 2023, July 29.

Turner, J., Hosking, J. S., Phillips, T., and Marshall, G. J. Temporal and spatial evolution of the
antarctic sea ice prior to the september 2012 record maximum extent. Geophysical Research
Letters, 2013a; 40(22): 5894-5898. doi:10.1002/2013GL058371

Turner, J., Bracegirdle, T. J., Phillips, T., Marshall, G. J., and Scott Hosking, J. An initial
assessment of Antarctic sea ice extent in the CMIP5 models. Journal of Climate, 2013b; 26(5):
1473-1484. doi:10.1175/JCLI-D-12-00068.1

Turner, J., Hosking, J. S., Bracegirdle, T. J., Marshall, G. J., and Phillips, T. Recent changes in
Antarctic sea ice. Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 2015; 373(2045). doi:10.1098/rsta.2014.0163

Turner, J., Hosking, J.S., Marshall, G. J., Phillips, T., and Bracegirdle, T. J. Antarctic sea ice
increase consistent with intrinsic variability of the Amundsen sea low. Climate Dynamics, 2016;
46(7-8), 2391-2402. doi:10.1007/s00382-015-2708-9

Wang, Z., Li, Z., Zeng, J., Liang, S., Zhang, P., Tang, F., . . . Ma, X. Spatial and temporal
variations of arctic sea ice from 2002 to 2017. Earth and Space Science, 2020; 7(9).
doi:10.1029/2020EA001278

Watt, L.M., 2023. Antarctica.  Encyclopedia  Britannica, 30 Mar.  2023.
https://www.britannica.com/place/Antarctica. Accessed 25 June 2023.

World Meteorological Organization. WMO Guidelines on the Calculation of Climate Normals,
2017; 4: 9. Chairperson, Publications Board, Geneva 2, Switzerland.

Zhang J. Increasing Antarctic sea ice under warming atmospheric and oceanic conditions. Journal
of Climate, 2007; 20(11): 2515-2529. https://doi.org/10.1175/JCLI4136.1

(GBI ANGY Sayr 23, Temmuz 2023



A REVIEW OF SEA ICE TRENDS ON POLAR REGIONS

Zhang, 7., Bi, H., Sun, K., Huang, H., Liu, Y. and Yan, L. Arctic sea ice volume export through
the Fram strait from combined satellite and model data: 1979-2012. Acta Oceanologica Sinica,
2017; 36(1): 44-55. doi:10.1007/s13131-017-0992-4

Say1 23, Temmuz 2023 £&103310) 21 @1



