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Abstract: Arctic sea ice characteristics have been changing rapidly and significantly in the last few
decades. Using a long-term time series of sea ice products from satellite observations - the extended
AVHRR Polar Pathfinder (APP-x), trends in sea ice concentration, ice extent, ice thickness, and ice
volume in the Arctic from 1982 to 2020 are investigated. Results show that the Arctic has become
less ice-covered in all seasons, especially in summer and autumn. Arctic sea ice thickness has been
decreasing at the rate of -3.24 cm per year, resulting in about a 52% reduction in thickness from
2.35 m in 1982 to 1.13 m in 2020. Arctic sea ice volume has been decreasing at the rate of -467.7 km3
per year, resulting in about a 63% reduction in volume, from 27590.4 km3 in 1982 to 10305.5 km? in
2020. These trends are further examined from a new perspective, where the Arctic Ocean is classified
into open water, perennial, and seasonal sea ice-covered areas based on the sea ice persistence. The
loss of the perennial sea ice-covered area is the major factor in the total sea ice loss in all seasons. If
the current rates of sea ice changes in extent, concentration, and thickness continue, the Arctic is
expected to have ice-free summer by the early 2060s.
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1. Introduction

Sea ice covers 4-6% of the earth’s surface, depending on the season, the majority of
which is in the Arctic. Changes in sea ice volume and extent are of great importance in
understanding global climate change due to feedback mechanisms and teleconnections as
well as transitions in the state of the atmosphere, ocean, land and glacial coverage. The
Arctic has been experiencing significant changes closely associated with changes in the
cryosphere [1-5]. Many Arctic climate change indicators showed significant Arctic warm-
ing during the past four decades [6,7]. There has been a significant decline of Arctic sea
ice as observed from both satellites and in situ measurements, with record low Arctic sea
ice extent during the summers of 2007 and 2012, and the recent second lowest extent hap-
pened in 2020 in the past four decades [8-12]. The significant decline occurred after years
of shrinking and thinning of the sea ice pack [12-16] resulting from increasing surface air
temperature, changes in atmospheric circulation, and the ice-albedo feedback [11,17-21].
The multiyear ice of the Arctic has been rapidly replaced in recent years by thinner first-
year ice [21-23] that is more sensitive to the changes in the atmospheric and oceanic forcing
[19].

The retreat of sea ice increases surface absorption of the solar radiation by the ocean
due to the decrease in surface albedo, resulting in further warming and retreat of the ice
pack due to the ice-albedo feedback [24-26] and the associated changes in clouds [27-29],
contributing to further ice decline. As a consequence of diminishing sea ice, the Arctic area
north of 60°N has warmed at more than twice the global average since late last century
[30,31]. Numerical models have shown that the ice-free summer Arctic Ocean may occur
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as early as the late 2030s using a criterion of 80% sea ice area loss, as the Arctic regional
mean surface air temperature could increase by 8.5 + 2.5°C in winter and 3.7 + 0.9°C in
summer by the end of this century [32]. Other studies indicate that Arctic multiyear sea
ice will mostly disappear by September 2050 no matter what actions are taken now to
reduce CO:2 concentration in the atmosphere [33,34]. The same result could occur sooner
than 2030 if there is no immediate reduction in anthropogenic COz and CHs4 emissions, as
suggested by models in phase six of the Coupled Model Intercomparison Project [35].

Some numerical model studies show that the simulated mean September ice thick-
ness within the Arctic Ocean has declined from 3.7 m to 2.6 m at the rate of -0.57 m per
decade over 1987-2007 for the Arctic Ocean basin [36]. Ice thickness data from in situ and
satellite observations indicated that the trend in annual mean ice thickness over the Arctic
basin is -0.58+0.07 m per decade over 2000-2012 [37]. A model-based reconstruction of the
Arctic sea ice volume over 1980-2010 shows that the ice volume decreased at the rates of -
3.8x10% km? per decade for all months and -4.20x10° km? per decade for September only,
values that are about six times larger than during the so-called 1901-1940 Early-Twenti-
eth-Century Warming period [38]. Climate models from the World Climate Research Pro-
gramme Coupled Model Intercomparison Project Phase 5 (CMIP5) as a whole tend to un-
derestimate the rate of ice volume loss from 1979 to 2013, leading to an uncertain projec-
tion of when Arctic Ocean may become ice-free in warm season [2,39].

Based on sea ice thickness data from satellite laser altimetry (ICESat) and radar al-
timetry (CryoSat-2) over the relative short time periods of 2003-2008 and 2011-2015, it was
discovered that Arctic sea ice volume experienced net depletions of roughly 4.68x10° km?
during autumn (October-November) and 1.46x10° km? during spring (February—March)
[40], where most of the sea ice loss was perennial ice (two or more years old). From an ice
age-based sea ice volume product, Arctic sea ice volume has a decreasing trend of -411
km?3 per year from 1984 to 2018 [41]. Furthermore, it was shown that Arctic sea ice thick-
ness change contributed at least 80% to the sea ice volume loss from November to May,
and nearly 50% in August and September.

The extended Advanced Very High Resolution Radiometer (AVHRR) Polar Path-
finder Extended (APP-x) Climate Data Record (CDR) provides a long time series of prod-
ucts that can be used to study changes in Arctic sea ice. APP-x consists of a suite of prod-
ucts starting from 1982 to the present [42]. The data set was used to generate a 25 km
spatial resolution satellite-based ice thickness time series derived with a One-dimensional
Thermal-dynamic Ice Model (OTIM) for estimating sea, lake, and river ice thickness [43].
This ice thickness time series provides a consistent, long-term product with high spatial
resolution to study sea ice changes over the past 40 years. In this paper we use it and a
passive microwave sea ice concentration climate data record to examine changes in Arctic
sea ice extent, concentration, thickness, and volume over the period 1982-2020 for the Arc-
tic area north of 60°N. Arctic sea ice temporal and spatial distributions and trends are
presented. Furthermore, we examined trends in multiple ice characteristics for seasonally
and perennially ice-covered areas: ice extent, ice concentration, ice thickness, and ice vol-
ume. While these are related to the number of ice-free days in an area [3,4], they go far
beyond that simple metric and provide a non-traditional, or new, approach to evaluating
changes in sea ice.

The paper is organized as follows. We first introduce satellite data used in the trend
analyses in Section 2. An effective and robust statistical method is then introduced and
detailed in Section 2 as well. Characteristics and trends in ice extent, concentration, thick-
ness, and volume are investigated in Section 3. In Section 4 we present summary and con-
clusions.

2. Data and Methods

2.1. Data Sets
Two CDRs covering the polar regions have been produced from the AVHRR data:
the AVHRR Polar Pathfinder (APP) and the Extended APP (APP-x) [42]. APP data set
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consists of twice-daily composites of AVHRR sensor data at a 5 km pixel size over the
period of 1982 to the present. APP also includes a surface type derived from the version 4
of the NOAA/NSIDC Passive Microwave Sea Ice Concentration (SIC) CDR
(https://nsidc.org/data/g02202; Meier et al., 2017) along with SIC. The SIC trends pre-
sented in this study were derived from the NOAA/NSIDC CDR, which is also contained
within APP-x product output. APP-x data set includes retrievals of cloud fraction, cloud
optical depth, cloud particle phase and size, cloud top pressure and temperature, surface
skin temperature, surface broadband albedo, radiation fluxes, cloud radiative effects
(“cloud forcing”), and sea ice thickness retrieved with OTIM [43]. For computational con-
siderations, the original 5 km APP data were subsampled to 25 km by taking the central 5
km pixel from a 5 x 5 pixels box to represent that 25 x 25 km pixel for the products generated
in APP-x. The retrievals were done with the Cloud and Surface Parameter Retrieval
(CASPR) system [44,45]. Radiation fluxes were calculated in CASPR using FluxNet [46].
The consistency of the products from different satellites in APP and APP-x has been pre-
viously studied and no significant biases were observed [20]. APP-x data products have
been validated primarily with the data collected during the Surface Heat Balance of the
Arctic Ocean (SHEBA) field experiment in the western Arctic [47-49], and with the data
from two Antarctic meteorological stations: South Pole and Neumayer [50]. The uncer-
tainties of the retrieved surface, cloud, and radiation properties were discussed in a pre-
vious paper by Wang and Key [51].

OTIM was developed to retrieve sea, lake, and river ice thickness [43]. The inputs of
OTIM include APP and some parameters in APP-x, e.g., ice surface temperature. The out-
puts are ice thickness and age as part of APP-x product suite. The sea ice thickness in APP-
x data set has been validated extensively with the data from other satellites, aircraft, in-
situ measurements, and models. Overall, APP-x ice thickness has high spatial correlation
with ice thickness from the Pan-Arctic Ice Ocean Modeling and Assimilation System (PI-
OMAS). Compared to in situ measurements, it was found that APP-x sea ice thickness
mean absolute error is 0.18 m for samples with a mean ice thickness of 1.62 m, i.e., an 11%
mean absolute error from upward looking submarine sonar measurements. Comparisons
with in-situ Canadian stations and moored upward looking sonar measurements give
similar results [43, 52].

2.2. Methods

The focus of this paper is on trends in sea ice extent (SIE), sea ice concentration (SIC),
sea ice thickness (SIT), and sea ice volume (SIV). Sea ice extent is a measurement of the
total area that is covered by ice, where each satellite pixel must have at least 15% ice. Sea
ice concentration is the fractional area covered by ice in a satellite pixel, with values rang-
ing from 0 to 1 or 0% to 100%. Sea ice thickness is the depth of a sea ice slab from its bottom
to the interface of the ice and its overlying snow, if present, or the ice and the atmosphere
in the absence of snow. Sea ice volume is the total volume of the ice, calculated from area,
concentration, and thickness.

In this study, the Arctic area north of 60°N latitude (AO60) is classified into three
categories based on sea ice persistence in each satellite grid cell: Seasonal Ice-Covered
Area (SICA) where sea ice exists less than 95% of the days in a year, Perennial Ice-Covered
Area (PICA) where sea ice exists 95% or more of the days in a year, and open water area
which has ice cover 0% of the days in a year. All Ice-Covered Area (AICA) is defined as
the sum of SICA and PICA (Figure 1). Therefore, the term Seasonal Ice (SI) refers to the
ice in the seasonal ice-covered area, and Perennial Ice (PI) refers to the ice in the perennial
ice-covered area. Definitions of these categories do not consider whether or not ice moves
into or out of the grid cell, and no attempt is made to track ice parcels. The presence or
absence of ice is determined at each location (grid cell or pixel) daily. This is unlike the ice
age categories by Tschudi et al. [53], which employed Lagrangian tracking of ice parcels
over long period of time to determine their age in years. It is also unlike the traditional
first-year and multiyear ice types that can be determined with passive microwave data,
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and it goes beyond the simple metric of ice-free days in a region [3,4]. This definition pro-
vides a new perspective in understanding changes in sea ice. In Figure 1, LAND is defined
as land area without snow cover all year around, SSCA is defined as land area being cov-
ered with snow for less than 95% time of a year, and PSCA is defined as land area being
covered with snow for 95% or more of the year.

1982 2020

PSCA PSCA

SSCA SSCA

LAND LAND
PICA PICA
SICA SICA

WATER WATER

Figure 1. Spatial distribution of Arctic sea ice extent in 1982 (left) and 2020 (right) derived from
NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration. Color bar nota-
tion: WATER means open water area, SICA stands for seasonal ice-covered area, PICA denotes per-
ennial ice-covered area, LAND means snow-free land, SSCA stands for seasonal snow covered land
area, and PSCA denotes perennial snow covered land area.

For the evaluation of trends, we used a number of statistical metrics. The Mann-Ken-
dall (MK) trend test [54-56] and the Sen's slope statistical test [57] were employed in this
study for the trend analyses of the inter-annual variability of Arctic sea ice over the past
four decades. The MK method was suggested by the World Meteorological Organization
(WMO) for assessing trends in environmental data time-series [58]. The advantages of the
MK trend test are that the measurements do not have to be normally distributed, and the
trend, if present, does not have to be linear. Therefore, MK is a non-parametric (distribu-
tion-free) test method to identify if a monotonic trend exists in a time series. Even though
itis adversely affected by missing values and outliers in a time series, it is at a lesser degree
than the least-squares regression. A monotonic upward (downward) trend means that the
variable consistently increases (decreases) through time, but the trend may or may not be
linear over any certain period of time. The MK test can be used to test if the slope of the
linear regression line by Sen’s method is different from zero.

The MK test consists of comparing each value of a time series with the others that
preceded it in sequential order. The number of times that the preceding terms are greater
than that under analysis is counted [59,60]. The MK statistic is given by:

S =¥, Yl sign(x; — x;) 1)

where 7 is the length of a time series, x; and x; are two generic sequential data values,
and the function si gn(xi - xj) assumes the following values:

1, (.x,: - x]) > 0,
sign(xi - x]-) =10, (xi - xj) =0, 2)
_1, (.x,: - x]) < 0,
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Let S stand for the number of positive differences minus the number of negative differ-
ences found in the time series. For normally distributed data set that has no trend, the
statistic S should have the mean E(S)=0 and the variance Var(S) as follows:

Var(s) = =[n(n — 1)(2n +5) - X9_, t,(t, — 1)(2t, +5)] 3)

where 7 is the length of the time series, and g is the number of tied groups and ¢, is the
number of observations in the p th tied group. For example, in the time series of {15, 17,
31, 6, 31,17, 31, 17, 15}, we have g =3 tied groups for the values of 15, 17, and 31, for which
t1 =2 for the tied value 15, t2 = 3 for the tied value 17, and ts = 3 for the tied value 31. Then
the test statistic Z is denoted by:

S—-1
Jvar(s)’ $>0,
Z=<0, §$=0, (4)

S+1

\ oo’

$<0,

If Z>0, it means an increasing trend, and vice versa. Given a confidence level a, the se-
quential data would have a statistically significant trend if |Z1>Z(1-a/2), where Z(1-c/2)
is the corresponding value of P=a/2 following the standard normal distribution, or vice
versa from given |Z| value calculated above in Eq. (4) to calculate confidence level, a,
following the standard normal distribution.

In addition, the magnitude of the trend in a time series is evaluated by a simple non-
parametric procedure developed by Sen [57]. The trend is calculated by

b = Median (

xj—xi
i

)i (5)

where b is Sen’s slope estimate, i is from 1 to n-1, and j is from 2 to n. b > 0 indicates an
upward trend in a time series. Otherwise, the time series presents a downward trend over
the time period.

The uncertainty of the regression can be estimated by the standard error of the re-

gression, Uy .
Y \j l 171—12 L ( )

U

where y; and ; are the original and regressed dependent variables values, respec-
tively. Note that there are (n-2) degrees of freedom in calculating Uy. We are estimating
two parameters from the regression — the slope and the intercept. Therefore, the degrees
of freedom should be n-2 and we need at least three points to perform the regression
analysis. That means that we are making two assumptions in this equation: 1) the sample
population is the representative of the entire population, and 2) the values are the repre-
sentative of the true y-values. For each assumption, we remove one degree of freedom,
and our estimated standard deviation becomes larger.

The uncertainty of the slope can be estimated by the standard error or deviation of
the slope, Us :

Uy

U, = —2— 7)

,/2?21("1'—&)2

where x; and x are the individual and mean independent variable values, respectively.
The slope of the regression line and its uncertainty are obviously important, as they
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determine the rate and uncertainty at which the dependent variable y changes with the
independent variable x.

The uncertainty of the intercept can also be calculated in terms of the standard error
of the regression as the standard error (or deviation) of the intercept, U.:

n x2

i=17i (8)

nZ{Ll(xi—&)z

The intercept of the regression line and its uncertainty have implications for both the
smallest detectable dependent variable y and the corresponding lowest detectable inde-
pendent variable x with their uncertainty.

3. Results

Changing Arctic sea ice extent is one important climate factor. Per the definitions
above, SICA, PICA, and AICA do not change within a year. SICA and PICA do change
from year to year. With the dramatic decrease in the overall Arctic sea ice extent, SICA
increases and PICA decreases from 1982 to 2020. The time series of annual SICA, PICA,
and AICA are shown in Figure 2.

2 QOOE-+H)7 ———— T ———
I Arctic Ocean, 60N ]
1.500E+07 - -
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E
= F J
g 1.000E+07 - |
£ L
o PN
o
5.000E+06
0.000/ .
1980 1990 2000 2010 2020
Year
AICA PICA SICA

Figure 2. Time series of Arctic seasonal, perennial, and all ice-covered areas on the yearly basis
within the Arctic area north of 60°N degree. SICA (green) stands for seasonal ice-covered area,
PICA (blue) denotes perennial ice-covered area, and AICA (red) is the sum of SICA and PICA.

3.1. Sea Ice Extent

Though PICA, SICA, and AICA are all defined and fixed for a year, i.e., they don’t
change over the course of a year, they do change from year to year as shown in Figure 2.
SIE varies over the course of a year over those areas, especially for SICA. Trends need to
be examined for each month. SIE in each month and its monthly trends over 1982-2020
were calculated for PICA, SICA, and AICA.

SIE over PICA shows no monthly/seasonal changes in a year, while SIE over SICA
does have monthly and seasonal fluctuations (Figure 3). SIE over PICA shows no seasonal
changes over a year by the definition of PICA, but it does change from year to year. The
trends of SIE over PICA from 1982 to 2020 are approximately -1.1x105 km? per year. SIE
over SICA reaches its maximum in winter and minimum in summer. The SIE over SICA
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in September is not zero because of much less seasonal sea ice in early September and new
seasonal sea ice forming in late September. The trends of SIE over SICA in winter are
positive because of the transition of PICA to SICA compensating the partial loss of SICA
over the study period, while in summer the trends are either smaller or even negative.

Ice Extend, JAN Ice Extert, FEB lce Extent, MAR
2 MDED? T T T 2000E 07 2000E «07
archic Grean. 60°M
1 5DED7 % 1300807 13006 407
E T T
§1mn77 ! 1000E 07 ! L00GE <07
3 \Z x A z A,
) = e P
5EDE - 5000 <06 S.000E <08
D100 Q000 Q000

198 1990 2000 ) 2 1980 1990 2000 000 020 1980 1990 2000 000 020
e ear ear
i Pica, i HcA PiCA SICA HcA PiCA SICA
|ce Extent, APR lce Extent, MAY Ice Extent, JUN
20008 07 2000807 2DWED, T T T
» Aectic Grean. §0°N
13008 07 1300807 1.5mE7[ ]
B - < B w
= = =
3 Lo00E 3 Lo00e T F 10menr-
- - g z
— o,
50008 506 50008 406 SDmEsA
200 2000 .ol
1980 1990 2000 000 020 1980 1990 2000 000 020 1580 1580 200 ) F]
ear ear Ve
AICA PICA SICA HcA PiCA SiCA aica [ sica
Ice Extent, JUL Ice Extent, AUG Ice Extent, SEP
2DmED7 T T T 20008 407 2000807
srctic Grean. 60%N ' »
1.5me7 q 13008 07 1300807
T t g
£ 1.0men?|- q 3 L0007 3 Lo00e T
E] Sty
s0meDa- 50008 <06 ~ 50008 06
DD o000 — 0000 _ — e
198 1990 2000 ) 2 1980 1990 2000 000 020 1980 1990 2000 000 2020
e ear ear
i 3% S04 HcA PiCA SICA HCA PiCA SICA
Ice Extent, OCT Ice Extent, NOV Ice Extert, DEC
20008 07 2000807 2000807
13008 07 1300807 1300807
3 Loo0e-7 3 Loo0e-07 3 Loo0e-07
50008 <06 = 50008 <06 2 50008 <06 - b=
200 2000 2000
960 50 2000 000 020 1980 50 2000 000 020 1980 50 2000 000 020
ear ear ear
IcA PiCA 5K ICA PiCA 5K ICA PiCA 5K

Figure 3. SIE time series for the Arctic area north of 60°N over 1982-2020 for the months of January
through December. PICA (blue) stands for perennial ice-covered area, SICA (green) denotes sea-
sonal ice-covered area, and AICA (red) designates all ice (PICA + SICA) covered area.

As a combined result, the SIE over AICA in March declined to 1.21076x107 km?2 in
2020 from 1.41279x107 km? in 1982, resulting in a 14% decrease at the rate of -5.947x10¢
km? per year (Table 1). In September, the SIE over AICA is 4.32892x10¢ km? in 2020, down
from 7.63860x10° km? in 1982, resulting in a 43% decrease at the rate of -9.719x10* km? per
year when the ice retreats most, indicating more rapid ice area loss in summer. On an
annual average, AICA SIE decreased by 2.80891x10¢ km? or 22% from 1.22837x107 km? in
1982 to 9.47483x10 km? in 2020. This overall decrease is mostly attributed to the PICA SIE
reduction at -3.64707x10° km?, accounting for 45% of PICA SIE in 1982, which is offset 23%
by SICA SIE increase during the same period (Table 1). Some of PICA SIE reduction in-
volves the AICA, PICA, and SICA over 1982-2020.


https://doi.org/10.20944/preprints202203.0004.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2022 d0i:10.20944/preprints202203.0004.v2

8 of 21

Table 1. Monthly mean SIE trend b (km? per year) with its uncertainty Ub and confidence level
o for AICA, PICA, and SICA over 1982-2020.

Month AICA PICA SICA
ont b Usb a b Usb o b Usb o
1 -6.567E+04 6696. <0.001 -1.106E+05 8867. <0.001 3.818E+04 8514. <0.001
2 -5.985E+04 4998. <0.001 -1.106E+05 8867. <0.001 3.875E+04 8531. <0.001
3 -5.947E+04 4420. <0.001 -1.106E+05 8866. <0.001 4.189E+04 8983. <0.001
4 -6.391E+04 3972. <0.001 -1.102E+05 8852. <0.001 4.283E+04 8965. <0.001
5 -5.965E+04 4190. <0.001 -1.106E+05 8860. <0.001 4.730E+04 8828. <0.001
6 -6.903E+04 4116. <0.001 -1.106E+05 8842. <0.001 3.676E+04 7925. <0.001
7 -8.266E+04 5088. <0.001 -1.099E+05 8676. <0.001 1.995E+04 6258. 0.010
8 -1.011E+05 7237. <0.001 -1.076E+05 8465. <0.001 7415. 3035. 0.015
9 -9.719E+04 9126. <0.001 -1.085E+05 9074. <0.001 2030. 3973. 0.514
10 -1.042E+05 1.237E+04 <0.001 -1.111E+05 8829. <0.001 -457.0 8698. 0.933
11 -9.620E+04 7156. <0.001 -1.106E+05 8863. <0.001 1.022E+04 8159. 0.250
12 -7.481E+04 5849. <0.001 -1.106E+05 8863. <0.001 3.314E+04 8096. 0.002
Annual -7.871E+04 4800. <0.001 -1.105E+05 8739. <0.001 2.640E+04 6365. <0.001

Obviously, September SIE was the smallest, and had decreasing trends for either of
AICA and PICA to the greatest degree over 1982-2020, though the SICA SIE trend in Sep-
tember, as in October and November, is not statistically significant. If the current SIE trend
over PICA continues, a September ice-free Arctic Ocean would be expected in 2062. With
the PICA trend uncertainties of one, two, and three standard deviations, an Arctic ice-free
September would be expected in 2055, 2050, and 2045 at the earliest, and in 2068, 2077,
and 2088 at the latest, respectively.

For the entire Arctic area north of 60°N, AICA SIE trends in all months and in annual
mean are mainly controlled by PICA SIE trends, suggesting the diminishing Arctic sea ice
extent can mainly be attributed to the decreasing PICA year by year, e.g., the transition
from PICA to SICA over the study period (Figure 3) together with the loss of SICA over
1982-2020. In addition, the ratios of PICA SIE and SICA SIE to AICA SIE are declining in
March when Arctic sea ice-covered area reaches its maximum each year (Figure 4).
Around 2015 SICA SIE began consistently surpassing PICA SIE.
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Figure 4. Ratios of PICA SIE and SICA SIE to AICA SIE in March over 1982-2020 for the Arctic area
north of 60°N.
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3.2. Sea Ice Concentration

An example of sea ice concentration from the NOAA/NSIDC Climate Data Record of
Passive Microwave Sea Ice Concentration is shown in Figure 5. The trends and patterns
of SIC are determined for SICA, PICA, and AICA. Areas with SIC of 0%, i.e., water pixels,
were not included in the calculation of the areal mean SIC over SICA, PICA, or AICA.
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Figure 5. Spatial distribution of Arctic monthly mean SIC in March (left) and September (right) in
2020 from the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration.

Arctic SIC was changing over 1982-2020, with the changing rates or trends that dif-
fered spatially and temporarily (Figure 6). Arctic SIC showed decreasing trends over most
of Arctic Ocean in all months, though their magnitudes were different. The largest declin-
ing trends were found in August and September over the Chukchi Sea, Beaufort Sea, Lap-
tev Sea, Kara Sea, and Barents Sea with the biggest rate of about -3.5% per year. The SIC
over the Greenland Sea, Barents Sea, and Baffin Bay in winter was declining at the rate of
about -2.0% per year.
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Figure 6. Spatial distributions of Arctic monthly mean SIC trends for the months of January
through December over 1982-2020. The SIC decreasing areas are marked with minus signs.

The areal mean trends in SIC were calculated for each month for PICA and SICA
(Table 2). In addition, the actual fraction of the ice-covered portion in the whole Arctic
area north of 60°N including water and ice was also calculated, called Arctic Ocean Ice
Fraction (AQOIF), that has a value ranging from 0~100% too.

Table 2. Monthly mean SIC trend b (% per year) with its uncertainty U» and confidence level & for AOIF, PICA, and
SICA over 1982-2020.

AOIF PICA SICA

Month b Ub a b Ub a b Ub a
1 -0.2243 0.0155 <0.001 0.0250 0.0086 <0.001 0.0921 0.0430 0.062
2 -0.2093 0.0175 <0.001 0.0258 0.0053 <0.001 0.0750 0.0309 0.025
3 -0.1809 0.0135 <0.001 0.0300 0.0039 <0.001 0.0875 0.0260 <0.001
4 -0.1894 0.0142 <0.001 0.0300 0.0055 <0.001 0.0967 0.0292 0.003
5 -0.2255 0.0174 <0.001 0.0350 0.0097 <0.001 0.0217 0.0444 0.699
6 -0.3075 0.0182 <0.001 0.0600 0.0174 0.003 -0.0296 0.0660 0.735
7 -0.3850 0.0223 <0.001 0.0985 0.0279 0.006 -0.0204 0.0683 0.799
8 -0.4815 0.0333 <0.001 -0.0991 0.0458 0.095 -0.0957 0.0903 0.545
9 -0.5155 0.0443 <0.001 -0.1221 0.0574 0.014 -0.5833 0.1162 <0.001
10 -0.4427 0.0374 <0.001 -0.0011 0.0313 0.952 -0.0142 0.1097 0.828
11 -0.3273 0.0241 <0.001 0.0363 0.0131 <0.001 0.2043 0.0840 <0.001
12 -0.2367 0.0248 <0.001 0.0287 0.0118 <0.001 0.1814 0.0568 <0.001

Annual -0.3127 0.0159 <0.001 0.0194 0.0158 03454 0.0307 0.0489 0.809

AOIF was declining due to the shrinking ice-covered areas in all months. The SIC
trends over PICA and SICA were positive in the cold season (November through April),
indicating that PICA and SICA SICs were increasing. The decrease of AOIF is mainly due
to losing sea ice over years. Over 1982-2020 AOIF declined to 72% from 78% in March
when Arctic sea ice area is at its maximum of a year, and to 23% from 42% in September
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when Arctic sea ice area is at its minimum and retreats most, indicating more rapid ice
loss in summer. September SIC trends are all negative and statistically significant over
PICA and SICA. On an annual average, AOIF decreased to 53% in 2020 from 66% in 1982
at the rate of -3.13% per decade.

Figure 7 shows SIC times series of 12 months over 1982-2020 for AOIF, PICA, and
SICA. The AOIF trends are all negative indicating the decreasing ice-covered areas in all
months with the confidence level of less than 0.001. The SIC trends over SICA are positive
in the cold season (November through April) and negative in the warm season (May
through October), though not statistically significant for most months. This indicates that
a portion of PICA was transitioned to SICA over the years, leading to an increase in SICA.

If the current AOIF trend continues, a September ice-free Arctic Ocean would be ex-
pected in 2061. With AOIF trend uncertainties of one, two, and three standard deviations,
a September ice-free Arctic Ocean would be expected in 2054, 2049, and 2044 at the earli-
est, and in 2068, 2077, and 2088 at the latest, respectively.
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Figure 7. SIC time series for the Arctic area north of 60°N over 1982-2020 for the months of January
through December. PICA (blue) stands for Perennial Ice-Covered Area, SICA (green) denotes Sea-
sonal Ice-Covered Area, and AOIF (red) is the actual fraction of ice-covered portion over the Arctic
area north of 60°N.

3.3. Sea Ice Thickness

Arctic Sea Ice Thickness (SIT) is not distributed evenly in space and time due to ice
thermal and physical dynamic processes. The heterogeneous distribution features of
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Arctic SIT are apparent in March and September in 2020, corresponding to the maximum
and minimum monthly mean SIT in a year (Figure 8).
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Figure 8. Spatial distributions of Arctic monthly mean SIT in March (left) and September (right) in
2020 from this study.

The AICA SIT in March decreased to 1.80 m in 2020 from 3.85 m in 1982, resulting in
53% decrease at the rate of -0.058 m per year when Arctic sea ice reaches its seasonal max-
imum extent in Arctic Ocean. In September when Arctic sea ice is at its minimum extent,
AICA SIT declined to 0.71 m in 2020 from 1.36 m in 1982, resulting in 48% decrease at the
rate of -0.016 m per year. On an annual average, AICA SIT decreased by 1.22 m that is 52%
of 2.35 m in 1982, resulting in 1.13 m in 2020. Both PICA and SICA SIT was declining to
1.32 m and 0.96 m in 2020 from 2.55 m and 1.86 m in 1982, respectively. All of Arctic SIT
trends in all months are statistically significant, except that SICA SIT trend in September
is slightly positive with the confidence level of 0.496 due to the very small sample size of
seasonal ice in September (Table 3).

Table 3. Monthly mean SIT trend b (m per year) with its uncertainty Us and confidence level « for
AICA, PICA, and SICA over 1982-2020.

AICA PICA SICA
Month
b Ub o b Ub o b Ub o
1 -0.0462 0.0012 <0.001 -0.0500 0.0016 <0.001 -0.0343 0.0012 <0.001
2 -0.0513 0.0012 <0.001 -0.0546 0.0015 <0.001 -0.0378 0.0011 <0.001
3 -0.0578 0.0008 <0.001 -0.0614 0.0012 <0.001 -0.0450 0.0011 <0.001
4 -0.0433 0.0006 <0.001 -0.0282 0.0006 <0.001 -0.0422 0.0010 <0.001
5 -0.0267 0.0003 <0.001 -0.0271 0.0006 <0.001 -0.0211 0.0005 <0.001
6 -0.0219 0.0002 <0.001 -0.0212 0.0004 <0.001 -0.0177 0.0003 <0.001
7 -0.0170 0.0001 <0.001 -0.0167 0.0002 <0.001 -0.0143 0.0002 <0.001
8 -0.0144 0.0003 <0.001 -0.0144 0.0003 <0.001 -0.0106 0.0003 <0.001
9 -0.0157 0.0012 <0.001 -0.0158 0.0013 <0.001 0.0009 0.0015 0.496
10 -0.0243 0.0008 <0.001 -0.0253 0.0009 <0.001 -0.0159 0.0009 <0.001
11 -0.0312 0.0010 <0.001 -0.0330 0.0013 <0.001 -0.0211 0.0011 <0.001
12 -0.0383 0.0011 <0.001 -0.0406 0.0014 <0.001 -0.0267 0.0011 <0.001
Annual -0.0324 0.0004 <0.001 -0.0332 0.0005 <0.001 -0.0238 0.0005 <0.001
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Arctic SIT decreasing trends differ in spatial and temporal domains (Figure 9). The
biggest declining SIT trends occurred in February and March along the Canadian Archi-
pelagos with the rate of around -0.10 m per year, and the central Arctic Ocean contributed
most to the declining SIT in AO60. The minimum declining SIT trends happened in sum-
mer from July through September with the rates ranging from -0.01 to -0.05 m per year.

Ice thickness trend (m per year), JAN
3 o

Ice thickness trend (m per year), FEB Ice thickness trend (m per year), MAR

Figure 9. Spatial distributions of Arctic monthly mean SIT trends over 1982-2020 for the months of
January through December over 1982-2020.

The maximum SIT declining rates are -0.058, -0.061, and -0.045 m per year in March
for AICA, PICA, and SICA, respectively. In general, Arctic SIT in Summer (July, August,
and September) has the minimum changing rate of -0.011 ~ -0.017 m per year for all the
ice-covered areas. If the SIT over AICA and PICA continues changing at their current rates
with 5 cm SIT as a threshold value of ice from open water, a September ice-free Arctic
Ocean would be expected in 2064 in terms of both AICA and PICA SIT with high confi-
dence. This agrees well with the September ice-free Arctic Ocean estimations from SIC
and SIE trend analyses. With the uncertainties of AICA and PICA SIT trends for one, two,
and three standard deviations, a September ice-free Arctic Ocean would be expected in
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2058, 2052, and 2048 at the earliest, and in 2071, 2080, and 2090 at the latest, correspond-
ingly, which agree quite well with the previous SIC and SIE trend analyses that estimate
the September ice-free Arctic Ocean being around in 2062 and 2061, respectively, in sec-
tions 3.1 and 3.2.

It appears that AICA SIT trends are mainly controlled by PICA SIT trends (Figure
10). The sea ice in SICA may still exist in September because some sea ice in SICA can
survive in the beginning of September, and some may form in the late September.
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Figure 10. SIT time series for the Arctic area north of 60°N over 1982-2020 for the months of January
through December. PICA (blue) stands for perennial ice-covered area, SICA (green) denotes sea-
sonal ice-covered area, and AICA (red) designates all ice (PICA + SICA) covered areas.

3.4. Sea Ice Volume

With Arctic sea ice concentration, sea ice extent, and sea ice thickness information
available, Arctic Sea Ice Volume (SIV) can be calculated at every grid cell as a function of
ice thickness, ice extent, and ice concentration by Eq. 9 below

V=Hx+xAxC €))

where Visice volume in kms3, H is ice thickness in km, A is ice extent in km?, C is ice
concentration that is unitless with a value between 0 and 1.

As for SIT analysis above, Arctic SIV within the Arctic area north of 60°N was also
classified into three categories as defined in the previous sections. As expected, Arctic SIV
also showed spatial and temporal heterogeneities as SIT did (Figure 11).
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Figure 11. Spatial distributions of Arctic monthly mean SIV in March (left) and September (right) in
2020 from this study.

Arctic SIV trends for all months from January through December are listed in the
Table 4 below.

Table 4. Monthly mean SIV trend b (km? per year) with its uncertainty Us and confidence level a for
AICA, PICA, and SICA over 1982-2020.

AICA PICA SICA

Month b Ub a b Ub a b Ub a
1 -658.1 19.77 <0.001 -521.5 18.78 <0.001 -122.7 13.89 <0.001
2 -754.3 21.67 <0.001 -625.3 22.43 <0.001 -138.4 16.86 <0.001
3 -859.2 21.63 <0.001 -715.0 24.20 <0.001 -138.2 23.48 <0.001
4 -686.0 17.37 <0.001 -584.7 24.13 <0.001 -92.06 24.61 0.001
5 -454.5 9.546 <0.001 -437.8 16.68 <0.001 -9.914 17.39 0.578
6 -348.2 7.826 <0.001 -324.5 12.23 <0.001 -15.29 10.87 0.321
7 -254.5 5.692 <0.001 -240.2 8.530 <0.001 -8.392 5.557 0.147
8 -192.7 6.567 <0.001 -189.7 7.191 <0.001 -0.792 1.313 0.578
9 -170.2 10.05 <0.001 -168.6 9.944 <0.001 -0.919 0.431 0.035
10 -299.6 11.30 <0.001 -273.6 10.68 <0.001 -21.69 3.781 <0.001
11 -408.3 16.07 <0.001 -351.9 13.37 <0.001 -55.33 8.346 <0.001
12 -510.9 17.92 <0.001 -426.9 16.52 <0.001 -83.01 9.906 <0.001

Annual -467.7 10.59 <0.001 -404.2 13.39 <0.001 -60.34 10.56 <0.001

Arctic SIV was changing along with changing Arctic SIC and SIT over 1982-2020. The
SIV changing rates or trends differ in spatial and temporal domains (Figure 12).
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Figure 12. Spatial distributions of Arctic monthly mean SIV trends over 1982-2020 for the months of
January through December.

The biggest declining SIV trend occurred in February and March along the Canadian
Archipelagos with the changing rate of around -0.07 km? per year. The minimum declin-
ing SIV trends were in summer from July through September with the minimum changing
rate of -0.010 ~ -0.005 km? per year over the central Arctic Ocean. Figure 13 shows the
Arctic SIV times series of 12 months over 1982-2020 for AICA, PICA, and SICA, with the
fitted trend lines. AICA SIV trends are also mainly controlled by PICA SIV trends in all
months.
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Figure 13. Arctic SIV time series for the Arctic area north of 60°N over 1982 ~ 2020 for the months of
January through December. PICA (blue) stands for perennial ice-covered area, SICA (green) denotes
seasonal ice-covered area, and AICA (red) designates all ice (PICA + SICA) covered areas.

Over 1982-2020, AICA SIV decreased to 20679.0 km3 in 2020 from 51216.6 km? in
1982, resulting in a 60% decrease at the rate of -859.2 km? per year in March. In September,
AICA SIV declined to 2462.0 km? in 2020 from 8931.2 km? in 1982, resulting in a 72% de-
crease at the rate of -170.2 km? per year. Based on an annual average, AICA SIV decreased
by 17284.8 km? that is 63% of 27590.4 km? in 1982, resulting in 10305.5 km? SIV in 2020.
PICA SIV and SICA SIV were declining to 5766.0 km?and 4522.8 km? in 2020 from 20313.0
km? and 7271.0 km? in 1982, respectively. In addition, the ratios of PICA SIV and SICA
SIV to AICA SIV were declining in March when Arctic sea ice reaches its maximum vol-
ume over 1982-2020 (Figure 14). It’s around 2019 when SICA SIV proportion started sur-
passing PICA SIV proportion in March.
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Figure 14. Ratios of PICA SIV and SICA SIV to AICA SIV in March over 1982-2020 for the Arctic
area north of 60°N.

4. Summary and Conclusions

Using satellite observations to study Arctic sea ice has the merits of broad spatial
coverage and high temporal frequency. In this study, we used a long-term time series of
Arctic sea ice properties that has been well validated and documented to study Arctic sea
ice properties and changes over the period of 1982-2020 for the Arctic area north of 60°N
in each month and in the annual mean, and to estimate the time of a possible ice-free Arctic
Ocean in September. Our analyses employed a new perspective based on ice longevity:
the persistence of ice in each satellite grid cell determines if that grid cell is seasonal ice-
covered area (SICA), perennial ice-covered area (PICA), or the open water area. This ap-
proach provides a unique view of where ice is persistent and where it is disappearing,
though it does not represent the true distribution of new and old ice in the traditional
sense. The perspective on sea ice is important because it is the presence and persistence of
ice in an area that directly influences local weather and climate, marine transportation,
and ecosystems, and indirectly influences larger-scale climate elsewhere through so-
called Arctic Amplification (AA) phenomenon [61]. Furthermore, trends in ice extent, con-
centration, thickness, and volume for the ice persistence categories were examined.

We used an Arctic sea ice concentration (SIC) CDR derived with passive microwave
data from the NOAA/NSIDC (https://nsidc.org/data/g02202) to investigate Arctic sea ice
concentration and sea ice extent in this study. The Arctic sea ice concentration in PICA
and SICA increased in the cold season and decreased in the warm season, though the
trends during the warm season were not statistically significant. On an annual average,
trends in Arctic SIC for both PICA and SICA were not statistically significant. In terms of
ice-covered area in the entire Arctic area north of 60°N, or AOIF, Arctic sea ice retreated
in every month and in annual mean at the maximum rate of -0.52% per year in September,
and -0.31% per year annually (Table 2). The AOIF declined 20% in the last four decades
on an annual average.

Arctic AICA SIE was reduced 22% over the last four decades, mainly caused by
PICA SIE reduction that declined at the annual rate of -1.105x10° km? per year. The annual
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increase in SICA SIE, at a rate of 2.640x10* km? per year, does not offset the decline of the
PICA SIE, resulting in a net loss of AICA SIE at the rate of -7.871x10* km?2 per year. The
AICA SIE in September had a minimum extent of 4.32892x10¢ km? in 2020, compared to
the much larger SIE of 7.63860 x10¢ km? in 1982, resulting in a 43% decline over the past
four decades.

By using long-term APP-x climate data records and OTIM ice thickness retrieval al-
gorithm with sea ice concentration climate data record from NOAA/NSIDC, Arctic sea ice
thickness and sea ice volume can be estimated. Overall, Arctic SIT in AICA, PICA, and
SICA declined over 1982-2020 at the rates of -3.24 cm per year, -3.32 cm per year, and -2.38
cm per year, respectively. The annual mean SIT decreased to 1.13 m, 1.32 m, and 0.96 m
in AICA, PICA, and SICA in 2020 from 2.35 m, 2.55 m, and 1.86 m in 1982, respectively.
Though the minimum ice extent occurs in mid-September, the thinnest ice occurs in late
September or early October as a result of newly forming ice. In 2020 the PICA SIT in Sep-
tember, October, and November are all approximately 0.70 m, while in 1982 the PICA SIT
i51.38 m, 1.58 m, and 1.96 m in those three months, respectively. This implies an extended
summertime ice condition in the Arctic over the study period.

On an annual average, Arctic sea ice volume including seasonal and perennial ice
decreased by about 62% over the last four decades at the rate of -467.7 km? per year. This
was mainly caused by the loss of perennial ice, which decreased by 72% at the rate of -
404.2 km? per year. The seasonal ice volume decreased 38% at the rate of -60.34 km? per
year. In terms of absolute magnitude, the largest decrease in ice volume was in March at
a rate of -859.2 km? per year. The lowest rate of decrease was in September at the rate of -
170.2 km? per year (Table 4).

Based on the trends in sea ice extent, concentration, and thickness, the Arctic Ocean
could become ice free in September in the 2061~2064 timeframe if the current trends con-
tinue. Changes in other components of the climate system and climate feedbacks could
alter these trends. If we use up to three standard deviations as reasonable uncertainties in
the trends, the earliest years when Arctic Ocean could experience an ice-free September
would be in the 2044-2048 timeframe, with the latest being around 2088-90.
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