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Arctic Sea Ice Volume Changes in Terms of Age as
Revealed From Satellite Observations
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Abstract—Satellite remote sensing provides new insight into
the large-scale changes within the Arctic sea ice cover. In this
study, satellite-derived sea ice parameters (thickness and age)
were explored to investigate age-dependent Arctic sea ice volume
changes. Between 2003–2008 (ICESat) and 2011–2015 (CyroSat2), Arctic Ocean sea ice experienced a net depletion of roughly
4.68 × 103 km3 during autumn (October–November) and about
87% (or 4.11 × 103 km3 ) is caused by the removal in multiyear
ice (two years and older). In spring (February–March), the net ice
depletion amounts to 1.46 × 103 km3 , with the multiyear ice loss
of 3.74 × 103 km3 and seasonal ice increment of 2.24 × 103 km3 .
Among multiyear ice loss, about 74% (autumn) and 93% (spring)
of the loss were attributable to the depletion of the oldest ice type
(5 years and older). Analyses also affirm that the marvelous volume loss of multiyear ice during cold months (October–May) in
2006/2007 and 2011/2012, along with the low replenishment of
perennial ice as noted in the following autumns in 2007 and 2012,
plays a major role in leading to a younger Arctic sea ice cover.
Consequently, these processes together favors for the overall substantial volume loss observed in the Arctic sea ice cover.
Index Terms—Age-dependent volume, arctic, remote sensing.

I. INTRODUCTION
RCTIC sea ice stands out as one of the most visible components corresponding to climate changes. Recent dramatic
decline in the summer ice extent are among the most obvious
and drastic changes in the Arctic sea ice cover [1]–[4]. Other
intriguing indicators include a decrease of multiyear ice [5]–[7],
increases in drift speed [8], [9] and ice deformation rate [10], a
basin-wide thinning of the ice cover [11]–[17], and substantial
ice volume loss [12], [18]–[20]. In order to extract information
about Arctic Ocean sea ice volume, sea ice thickness retrieved
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from satellite measurements is of particular interest. Unlike sea
ice extent, sea ice thickness retrieved from remote measurements
has always been a great challenge.
Kwok and Cunningham [21] examined the trends and variablity of sea ice volume using the five-year (2003–2008) ICESatderived sea ice thickness. Tilling et al. [22] investigated the
short-term (2010–2015) variability of Arctic sea ice volume using CS2-derived ice thickness, and a large sea ice volume variability was identified. Laxon et al. [20] explored the combined
ICESat (2003–2008) and CS2 (2010–2012) record to investigate
the inter-satellite Arctic sea ice volume changes, and substantial
volume depletions by 4291 km3 (autumn, October–November)
and 1479 km3 (spring, February–March) between the 2003–
2008 and 2010–2012 periods was demonstrated. Moreover,
Kwok and Cunningham [21] analyzed the changes of sea ice
volumes with ICESat (2003–2008) data and extended records
of CS2 (2010–2014), further confirming a marked decline in
total Arctic sea ice volume estimates between the two satellite periods. Taken together, the near decadal record depicts
losses in Arctic Ocean ice volume of 4170 km3 /decade and
7760 km3 /decade in winter (February–March, FM) and autumn
(October–November, ON) [21].
Satellite-derived sea ice age is a record determined using ice
motion data, and tracking how long older sea ice survives during
the summer melt season in the Arctic Ocean. It has been used
in two aspects: 1) identification between first year ice (FYI) and
multiyear ice (MYI) and estimate of sea ice age of MYI; 2) as
a proxy of thickness according to the established relationship
between age and thickness. Based on sea ice age, changing
age/thickness relationship and varying coverage in FYI and MYI
has been well documented. In this study, we perform a further
analysis of relating sea ice extent and volume changes to ice
age, as multiple facts point to a rapid transition in the Arctic
Ocean toward younger and thinner sea ice components.
Previous studies have examined the inter-satellite sea ice volume changes by treating the Arctic ice as an ensemble [20], [21].
However, little is known on how the sea ice volumes of different
ages have been varying, given the clear trends towards younger
and thinner components within the Arctic sea ice regime [6], [7].
Since older MYI ice is assumed to be thicker than younger ice
[23], [24], the changes in age distribution should also imply for
a net volume loss. By quantifying the sea ice volume changes
in terms of ages, this study attempt to clarify the fundamental
change in the nature of the sea ice volume balance within Arctic
itself.
This study is organized as follows. Section II describes the
datasets and methods. Section III presents changes of Arctic sea
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ice volume associated with ice age between the two satellite
periods (ICESat: 2003–2008, CS2: 2011–2015). Assessments
of the satellite-derived ice thickness fields associated with ice
ages are also outlined. Section IV discusses the results from the
view of ice replenishment and depletion. Conclusion remarks
are given in Section V.
II. DATA AND METHOD
A. ICESat and CS2 Sea Ice Thickness
Sea ice thickness fields are derived from ICESat and CS2 ice
freeboard measurements. ICESat is the first satellite allowing
the northernmost Arctic sea ice freeboard measurements up to
86°N, compared to 81.6° N by Envisat. The spatial coverage
of polar sea ice freeboard observations is further expanded by
the CS2 platforms which extends the northernmost latitudinal
scope of observations up to 88° N.
ICESat and CS2 probe the earth surface with different types
of sensor. The laser altimeter system onboard ICESat [25], [26]
measures the freeboard height of the snow top, while the radar
altimeter onboard CS2 operating at a much longer wavelength
collects signals from the snow-ice interface [27], [28]. Following
Archimedes principle, sea ice thickness can be retrieved from
ice freeboards measured by ICESat [26], [29] and CS2 [20],
[21] instruments following (1) and (2), respectively:
ρw
ρw − ρs
fb −
hs
ρw − ρi
ρw − ρi
ρw
ρs
hi =
fb +
hs
ρw − ρi
ρw − ρi

hi =

(1)
(2)

where hi is the ice thickness, fb the satellite-measured freeboard, hs the snow depth, and ρw , ρi , and ρs correspond to
the densities of water, ice, and snow, respectively. The ICESat
and CS2-derived sea ice thickness has been provided by the Jet
Propulsion Laboratory (JPL) in the National Aeronautics and
Space Administration (NASA). Later, we briefly introduce input parameters used by JPL to derive sea ice thickness from
ICESat and CS2 measurements.
For sea water and sea ice density terms, similar values (1025
and 917 kg/m3 ) are used in the two satellite-based thickness
retrievals [12], [21]. It is clear there should be a dependence of
ρi on ice type. However, different parameterization methods of
ρi as a function of thickness or ice type is difficult to reconcile
and detailed information about sea ice density of different age or
type seems lacking.. Here, to ensure the comparability between
ice volume of different satellite periods, we simply adopted the
CS2-based thickness derived from the one fixed density of ρi ,
which is consistent with the use of ice density in the ICESatderived sea ice thickness provided by JPL.
Large-scale observations about snow depth (hi ) and density
(ρs ) are sparse. In order to retrieve Arctic-wide sea ice thickness
from ICESat data, JPL used meteorological snow depth derived
from ECMWF fields [12] and modified snow density based on
in situ measurements [32]. Assessments prove an overall good
agreement (within bias of 0.1 m and uncertainty of 0.42 m)
between the ICESat-retrieved ice thickness and in situ measurements from a submarine cruise in November 2005 [11]. Moreover, an overall mean bias of 0.1(±0.51) m is determined by

Fig. 1. Sea ice thickness derived from (a) ICESat and (b) CS2 measurements
during February to March (FM) period in 2004 and 2015, respectively. There
are data gaps of approximately 0.5 and 0.08 × 106 km2 around the north pole
for ICESat and CS2 observations. Retrievals out of the Arctic basin are cut off
due to the inadequate knowledge about snow depth (Personal Communication
with R. Kwok).

comparing ICESat retrievals with upward-looking sonar (ULS)
measurements from Beaufort Gyre Exploration Project (BGEP)
moorings. Numbers after ± is the standard deviation of the
differences.
CS2-derived sea ice thickness is obtained by JPL using climatology data of snow depth hs and density ρs provided in
Warren et al. [32] (hereafter W99). However, snow load uncertainty is a significant error source in the thickness retrievals
and the application of snow depth and density on two satellite
observations should be consistent. Therefore, as used in the retrieval of ice thickness using ICESat freeboard, in this study sea
ice thickness based on CS2 measurements is recalculated with
snow depth from ECMWF fields and snow density from [32].
The sea ice thickness retrievals are then evaluated with respect
to its age (see Fig. 6 in Section III). To avoid the problem of
‘too thick’ snow on thin ice, an effective snow depth (ESD)
term is used following [32]. The ESD is taken to be a fraction
of total freeboard as defined by a sigmoidal curve [32]. For
example, when the total freeboard is half of the snow depth,
the total freeboard is divided to 1/3 ice freeboard and 2/3 snow
height. The ECMWF-derived snow depth get the entire effect
only when ratio of total freeboard and snow depth is no less than
1.3 [32]. This treatment, to a certain degree, fixes the problem
of snow depth overestimation due to local freeboard variability
associated with snow loss to new openings as well as unmodeled
redistribution of snow mass.
Both ICESat- and CS2-derived sea ice thickness fields used
here are available on a 25 km grid. Samples of the two satellitederived ice thickness are given in Fig. 1. The ICESat observations of spanning roughly one-month are available in October–
November (ON) and February–March (FM)/March–April (MA)
periods between 2003 and 2008 [12]. For CS2, the monthly sea
ice thickness during cold seasons (October through May) for
the 2011–2015 period are available [21].
B. Ice Concentration and Sea Ice Age
Sea ice concentration (SIC) is obtained from the National
Snow and Ice Data Center (NSIDC) [38]. The NSIDC product is derived by applying the NASA Team algorithm to
bright temperatures acquired by satellite passive microwave
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Fig. 2. Comparisons between spatial distributions of MYI extent. (a) and (c) Derived from QuikSCAT measurements. (b) and (d) Derived from NSIDC age
product. The samples in February 2003 and November 2007 are selected at random. The white solid lines superimposed on maps refer to the 50% contour line of
the QuikSCAT-derived MYI ice concentrations [43].

(PMW) radiometry. The SIC record covers a long time series
(1978.11−2015.05), and has a grid resolution of 25 km.
Sea ice age [39] available at NSIDC is derived from sea ice
motion [40]. Tracking ice motion, sea ice age is determined
by treating an individual grid that contains ice as an independent Lagrangian particle, which were transported at weekly time
steps following ice motion trajectories at 12.5 km spatial resolution in Equal Area Scalable Earth (EASE) grid. The motion
vectors are derived using a cross-correlation technique applied
to sequential, daily satellite images acquired by Scanning Scanning Multichannel Microwave Radiometer (SMMR), the Special Sensor Microwave Imager (SSM/I), the SSM/I Sounder
(SSMIS), and the Advanced Microwave Scanning Radiometer–
Earth Observing System (AMSR-E) sensors. Then, these vectors are optimally blended with drifting-buoy vectors from the
International Arctic Buoy Program (IABP) and wind vectors
deduced from NCEP/NCAR Reanalysis. Daily sea ice motion
product are available in NSIDC.
The sea ice age product is built on NSIDC sea ice motion
product. Theoretically, if a seasonal ice particle survives the
summer melt, then it should be considered to have aged for
one year, or an additional year in the case of multiyear ice. Since

ice parcels are independently tracked, merging or diverging with
the neighboring parcels may happen. Therefore, the ice age in
each grid cell denotes the oldest parcel of that grid. Sea ice
assigned as one year old is actually at most one year old, an
ice age of two years is between one and two years old, and so
on. The age data spans 1979 to present and the first six years
are considered as a spin-up period for the model initialization.
Therefore, the sea ice age product exactly starts from 1985.
Sources of uncertainty for sea ice age product originate from
two aspects: 1) tracking error associated with the spatial resolution of coarse 25 km drift motion; and 2) land-masking uncertainties related to the dismissing of ice motion near the coast
[24]. Additionally, uncertainties may be caused by the mechanisms dealing with the converging and diverging cases. For
instance, if two or more parcels converge into a grid, only the
oldest age is saved for that grid. This may produce a larger coverage for older ice [24]. On the contrary, if no MYI parcel is
present in a grid cell, but the ice extent indicates that ice exists
there (i.e., diverge case occurs), that ice is considered FYI [24].
The divergence-related fill-up by FYI are common within the
MYI ice pack (see Fig. 2). However, a recent report pointed
out that the some divergence may be unrealistic and associated
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Fig. 4.
Fig. 3. Comparison between MYI extent derived from NSIDC ice age product
(black cross) and QuikSCAT retrievals (red asterisk). Monthly estimates of cold
seasons (October to May) between 2003 and 2008 are shown. Correlation(R),
mean, and standard deviation of difference are also given (inset texts).

with the faster drifts in places where the blending of buoy drifts
introduces a faster ice advection relative to neighboring sea ice
motion retrieved from satellite observations [42].
Sea ice motion product has a higher accuracy when using
higher spatial resolution satellite imagery. For example SSMIS
imagery from 37 GHz channel (25 km with oversampled resolution) can provide daily motions with a root-mean-square (rms)
accuracy of 6–7 km/day, while the 91 GHz channel on SSMIS
can provide daily motions with an rms accuracy of 4–5 km/day.
The application of an optimal interpolation scheme allows the
gridded fields show an uncertainty of 3–4 km/day. The fairly
high daily RMS errors are further reduced after averaging these
uncorrelated daily vectors into weekly estimates. Assessed with
ERS-1 synthetic aperture radar (SAR) data, the ice motion product results in an error of about 0.9 to 1.6 km/day. The daily RMS
error in the ice motion product is not necessarily cumulative
since the annual displacement errors are found on the order of
50–100 km.
The effectiveness of sea ice age data in separating multiyear
ice (MYI) from first-year ice (FYI) has been examined by comparing with QuikSCAT retrievals [41]. Fig. 2 shows the the spatial distribution patterns of samples for MYI extents respectively
derived from QuikSCAT and ice age data. Fig. 3 presents the
time series between 2003 and 2008 with respect to the monthly
MYI extents derived from the two products, which agrees well
with a mean bias of approximately 44.8 (±142.8) × 103 km2 .
C. Sea Ice Volume in Terms of Sea Ice Age
Arctic sea ice volume is estimated within the Arctic Ocean
bounded by the openings into peripheral oceans: Bering Strait
into the Pacific, Fram Strait and Barents Seas into the North
Atlantic. The surveyed area covers an area of approximately
7.2 million km2 (see Fig. 4). In common with ICESat-derived
thickness fields, age-dependent sea ice volume between 2003
and 2008 are obtained during autumn (ON) and spring (FM)
periods. Corresponding period of ice volume (average volume
of October and November for ON; average of February and
March for FM) are computed over the CS2 case (2011–2015).

Boundary of the surveyed area to compute sea ice volume.

For consistency the two satellite-based sea ice volume estimate
do exclude ice cover north of 86° N due to the observational hole
of ICESat. For sea ice age data, we selected the weeks in the
mid-period of ON (or FM) as the representative age distributions
for autumn (or spring).
Ice volume within a grid cell is calculated as the product of
the three parameters: sea ice thickness (hi ), ice concentration
(ci ), and area (A = 156.25 km2 ) of that grid. To determine agerelated volume, satellite-derived sea ice thickness and concentrations should be co-registered with age fields. The thickness
and concentration record are re-gridded and averaged to the
12.5 km EASE grid of ice age product.
The original sea ice age has a range from 1 up to 10 years.
In this study, we binned the ice of 5 years and older to the
5+ category in that numbers of ice grids older more than
6 years are much less. Following (3), we are able to determine
the sea ice volume (Vs ) of cell grids (i = 1, 2, 3, . . . , n) with an
age of s (s = 1, 2, 3, . . . , 5+)
Vs = A

n


ci hi .

(3)

i=1

The uncertainty in total ice volume (σV ) can be computed as
follows:
 n
1/2


2 2
2
2 2
hi σc,i + ci σh,i + σage,i
(4)
σV = A
i=1

where σh,i and σc,i represent the uncertainties in thickness and
ice concentration, respectively, at the cell grid suffixed as i. n is
the total number of grid cells for ice with a specific age s within
the surveyed Arctic Ocean. For the uncertainty of concentration
(σc,i, ), we choose a typical value of 5% since it is generally low
during freezing seasons when high concentrations are popular
[44].
Annual ice parcel displacement error based on the NSIDC ice
motion product shows a upper bound RMS error of 100 km. Accordingly, thickness/volume uncertainty due to sea ice age error
(σage ) [see Fig. 5(b)] is here defined as the standard deviation of
thickness/volume differences between the estimates of the grids
and those surrounding the center grid within 100 km in radius,
roughly corresponding to a 5 × 5 grid pattern with respect to
the ICESat or CS2 EASE grid of 25 km.
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Fig. 5. Sea ice thickness (a) bias and (b) uncertainty due to uncertainty of sea
ice age error caused by NSIDC ice motion misplacement.

For the uncertainty of the ice thickness (σh,i, ), it is associated
with five variables (fb , hs , ρw , ρi , and ρs ) as shown in (5). The
error of the ice thickness σh,i , calculated by Gaussian error
propagation from the input variables and their errors, is deduced
as [29]

2

2

2
∂hi
∂hi
∂hi
σh2 i = σf2b
+ σf2b
+ σρ2s
∂fb
∂hs
∂ρs

2

2
∂hi
∂hi
+ σρ2i
+ σρ2w
(5)
∂ρi
∂ρw
where
∂hi
ρw
=
∂fb
ρw − ρi
∂hi
ρw − ρs
ρs
= −
(ICESat) or
(CS2)
∂hs
ρw − ρi
ρw − ρi
∂hi
hs
=
∂ρs
ρw − ρi
∂hi
hi
= −
∂ρi
ρw − ρi
∂hi
−ρi fb + (ρi − ρs )hs
ρi fb + ρs hs
=
(ICESat)
(CS2).
2
∂ρw
(ρw − ρi )
−(ρw − ρi )2
The representative values for the errors in input variables are
summarized in Table I.
D. Ancillary Data
Ice draft and thickness data from varying platforms are used
to assess the satellite-derived products (ICESat and CS2). These
include measurements from the following: 1) a submarine surveying transect of approximately 3 km in length crossing the
Arctic basin; 2) three to four moorings of the Beaufort Gyre
Exploration Project (BGEP); and 3) aircraft campaigns of the
Operation IceBridge (OIB) program. The positions or tracks for
these datasets are presented in Fig. 6 in the following section.
The submarine data were collected in November 2005 and
digitalized from [12], which represent the mean drafts for
segments of the cruise varying from 5 to 50 km in length.
The draft data are expected to be biased 29 cm and a
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variability of 25 cm compared to actual draft because of the
first return nature of the echoes. The bias has been removed before use [12]. Ice drafts from BGEP are obtained with moored
upward looking sonars (ULS) deployed in the Canada Basin
(www.whoi.edu/beaufortgyre). The moorings have been in operation since 2003. The sonars measure the range to the sea
ice bottom surface every two seconds and have a footprint about
2 m. For the ICEat period (2003–2008), data from four moorings
[see Fig. 6(a)] are utilized, while for recent CS2 period (2011–
2015) only three instruments remain available [see Fig. 5(b)].
Methods used to process and calibrate sonar measurements to
yield ice draft are described in [47]. Typically, individual ice
drafts are accurate by an order of within ±0.1 m (95% confidence limits).
Ice thickness from OIB is derived from lidar-measured (the
Airborne Topographic Mapper) ice freeboard (ice plus snow)
and radar-measured snow depth. It has a nominal 1 m resolution
with about 200 m swath and is averaged to give a mean for 40 m
segments of the flight line. In other words, each data point in
longitude/latitude represents a 40 m × 200 m area [24]. The
uncertainties are variable, depending on the determination of
sea surface and quality of snow depth [48]. The OIB campaign
survey tracks cover the major part of the western Arctic between
northern Greenland and Alaska [see Fig. 5(b)]. The data from
five OIB missions during March and April from 2011 to 2015 are
used [48], [49]. Wherein the IceBridge Sea Ice Freeboard, Snow
Depth, and Thickness (L4 Version 1) dataset (2011–2013) is
obtained from the National Snow and Ice Data Center (NSIDC)
and the relevant methods to retrieve ice thickness is described
in [46] and [47]. The remaining OIB data for the time span
2014–2015 is a quick-look product, also archived at NSIDC
[50]. These data may assume more uncertainty in comparison
with the OIB L4 data for 2009–2013 [49]. Before the use of
these data, they are resampled into the 12.5 km EASE grid of
sea ice age data using a drop-into-bucket method [24].
III. RESULTS
A. Assessments of Satellite-Derived Sea Ice Thickness in
Terms of Ice Age
To provide a preliminary estimate about the bias and uncertainty in Arctic sea ice volume estimates, satellite-derived sea
ice thickness fields of different ages are evaluated with in situ
and/or aircraft measurements spanning different spatial scales.
Fig. 6 shows the locations and tracks of the data used to assess
the satellite retrievals. The vast coverage of these data could provide a relatively good descriptive statistics of the accuracy with
respect to the age-dependent sea ice thickness. Comparative results are shown in Fig. 7. The acquired bias and uncertainty
terms (given as the inset texts in Fig. 7) are further employed to
estimate the sea ice volume errors (see Section III-D).
ICESat-derived drafts (ice thickness below the sea surface,
i.e., draft = thickness – freeboard) for sea ice of different ages
manifest a distinct difference compared to submarine records
ranging from −0.18 m (one year) to 0.42 m (two years) [see
Fig. 7(a)]. Generally, low correlations are also found between
them, which is partially caused by the limited numbers of data
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TABLE I
TYPICAL VALUES AND UNCERTAINTIES FOR INPUT VARIABLES USED TO COMPUTE THE UNCERTAINTY OF THICKNESS ESTIMATES FROM ICESAT
AND CS2 MEASUREMENTS

Fig. 6. Locations and track for data used to evaluate satellite-derived sea ice thickness during a) ICESat period (2003–2008) and b) CS2 period (2011–2015).
BGEP moorings are marked as red triangles; the submarine track in November 2015 is indicated by the green line; the OIB footprints are represented with different
colors.

available in the comparison. The differences between ICESatderived drafts and BGEP ULS mooring observations span a
range from −0.3 m (four years) to 0.07 m (five years), and the
correlations are significant at least in the 90% confidence level
[see Fig. 7(b)].
CS2 sea ice thickness basically overestimates the ULS and
OIB measurements [see Fig. 7(c) and (d)]. The biases between
CS2 and ULS data cover a range of between 0.05 m (one year)
and 0.22 m (5+ years), with statistically significant correlations
of generally (except for 5+ ice) exceeding the 99% confidence
level [see Fig. 7(c)]. Differences between CS2 and OIB thickness estimates vary from 0.11 m (one year) and 0.30 m (three
years), and statistically significant correlations exceeding the
99% level are identified despite of age variations.
The relatively large standard deviations, as shown by quantities included in parentheses in the inset texts in Fig. 7, are
suggestive of a noticeable variability of differences between
satellite-derived ice thickness and in situ measurements, which

are in part caused by the inconsistency in temporal and spatial
scales between different data sources.
The feasibility of adapted snow depth climatology (W99) [32]
to retrieve CS2 sea ice thickness has been broadly demonstrated
[51]–[53]. According to [53], there is a mean difference of
0.004 m (with a standard deviation of difference (st.d) of
0.66 m, and a correlation of 0.67) for W99-based CS2 ice thickness and Icebridge data for the spring between 2011 and 2014.
This is much smaller than the difference achieved in this study
of 0.21 m but comparable to our evaluation in the sense of st.d
(0.63 m) and correlation (0.65). Note that there exists a great
deal of Icebridge footprints quite near to the coast of northern
Canadian Archipelago, where CS2 freeboard may be prone to
be overestimated due to the mixing effect from stronger land
echoes [54]. After the elimination of co-located grids which is
close to the coastline less than 25 km (the use of 50 km threshold, which corresponds to the size of two CS2 grid cells, could
masked out the grids that may be contaminated by land speckle
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Fig. 7. Assessments of satellite-derived sea ice thickness/draft of different ages. Comparison of ICESat-derived drafts. (a) With a submarine. (b) With BGEP
mooring data. CS2 estimates are compared. (c) To BGEP mooring observations. (d) To OIB measurements. N is the number of data available in the comparison,
d is the mean difference (unit: m) and numbers in the parentheses denote the standard deviation of difference, and R corresponds to the correlation coefficient.

noise and could keep as much valid data points as possible),
the overall difference between our CS2-derived thickness and
Icebridge data is reduced to 0.08 m (with st.d of 0.64 m and
correlation of 0.68). In addition, Tilling et al. [46] obtained the
difference between sea ice volume based on sea ice thickness
using adapted W99 snow depth and Reanalysis product for the
Amerasian and Eurasian basins. They found that the two results
are slightly different from each other, with a difference of less
than 5%. Similarly, we also found a good agreement between
the two kinds of results (i.e., sea ice volume derived from CS2
thickness using W99 snow depth versus that based on Reanalysis snow product) for the same basins, with a high correlation
of 0.98 and a difference no more than 7% (see Fig. 8).
B. Spatiotemporal Distribution Patterns of Sea Ice Age
During the Two Satellite Periods
For a visual presentation about the changes within the Arctic
sea ice pack, the spatial distribution of sea ice age fields for
autumn and spring months over ICESat and CS2 periods are
provided (see Figs. 9 and 10). Dramatic changes were clear in
the west Arctic Ocean, where the major part of the old ice (5+
ice) that was distinct in ICESat period (see Fig. 9) has almost
completely depleted in CS2 period (see Fig. 10). A close examination about the loss of 5+ ice from the sea ice age time

Fig. 8 Comparison between CS2-based sea ice volume estimates using snow
depth derived from Reanalysis snow depth and W99 snow climatology data.

series between 2009 and 2010 period (not shown) suggests that
the oldest ice has been melted out during the following summer
months in Beaufort and Chukchi Seas where ice dynamics is
typically driven by the Beaufort Gyre (BG) system. As a response, younger ice replaced the older ice, was pushed against
northern Canadian Archipelago and Greenland, and currently
dominates the west Arctic (see Fig. 10). Since the younger ice
occupies more area in the present Arctic Ocean, the vulnerability of sea ice to summer melting should be enhanced. In fact,
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Fig. 9. Sea ice age distribution during autumn (October to November, ON) and spring (February to March or March to April, FM or MA) periods over 2003–2008
(ICESat period).

Fig. 10.

Sea ice age components for the autumn (November) and spring (March) periods over 2011–2015 (CS2 period).

during the ICESat period the summer melting (FYI coverage as
suggested by the ON maps in Fig. 9) was mostly confined in the
southern marginal seas (except for 2007). By contrast, during
recent CS2 period, the melting extent (FYI extent as indicated
in the November maps in Fig. 10) was escalated into areas of
further north and substantial removal of MYI cover are observed
in the November maps of 2014 and 2015.
The faster sea ice drifting speed, reinforced by the replacement of older and thicker ice by younger and thinner components
[8]–[10], allows ice to be transported more rapidly toward the
southern peripheral seas (such as Beaufort and Chukchi Seas)
where substantial ice melt may occur. Therefore, the survivability of old ice seems to be generally low as reflected in the
maps during CS2 period (see Fig. 10). The alternation in sea ice
constitutes within the Arctic preconditions for a large volume
changes of old sea ice.
C. Arctic Sea Cover Changes Between 2003–2008 and
2011–2015
To discern the Arctic Ocean age-dependent sea ice
changes, the combined record of ICESat (2003–2008) and

CS2 (2011–2015) measurements are analyzed. ICESat record
is generally available in autumn (ON) and spring (FM) periods.
For inter-satellite consistency, the averaged thickness estimates
of the two months (October and November) from CS2 record is
used as the proxy of autumn record (ON) and the averaged value
of Feb and Mar is selected to represent the spring record (FM).
Figs. 10–12 show the obtained age-dependent sea ice thickness,
area, and volume, respectively, in autumn (blue lines) and spring
(red lines) over the two satellite periods.
Between the two periods, sea ice thickness of all ages showed
a decrease in both seasons (see Table II and Fig. 11). The ice
thickness with respect to the entire Arctic sea ice cover, on
average, has declined by 0.96 m (ON) and 0.73 m (FM) [see
Table II and Fig. 10(a)]. The thickness decreases for MYI cover
(two years and older) during both seasons are larger than those of
FYI, 1.08 versus 0.48 m in autumn (ON) and 0.73 versus 0.52 m
in spring (FM) (see Fig. 10(b) and (g) and Table II). Within MYI
pack, the oldest type [see 5+ ice in Fig. 11(g)] reduced the most,
by 1.5 m in ON and 0.9 m in FM. An increased trend for sea
ice thickness reduction, as ice aged, appeared in autumn (see
Table II). This approves that porous older MYI ice is more
sensitive to the amplified warming impacts in Arctic.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
BI et al.: ARCTIC SEA ICE VOLUME CHANGES IN TERMS OF AGE AS REVEALED FROM SATELLITE OBSERVATIONS

9

Fig. 11. Average sea ice thickness of different ages for autumn (blue) and spring (red) records over the 2003–2008 (ICESat) and 2011–2015 (CS2) periods. (a)
Overall Arctic sea ice. (b) One year. (c) Two years. (d) Three years. (e) Four years. (f) 5+ years. (g) MYI: two years and older. Error bars represent the standard
deviation of ice thickness (x unit: period from 2002 to 2016, and y unit: m).

Fig. 12.

As with Fig. 11 but for sea ice area (x unit: period from 2002 to 2016, and y unit:106 km2 ).

TABLE II
MEAN VALUES OF SEA ICE AREA, SEA ICE VOLUME, THICKNESS FOR DIFFERENT ICE AGES OVER THE AUTUMN (ON) AND SPRING (FM) SEASONS DURING THE
TWO SATELLITE PERIODS (THE CORRESPONDING AUTUMN (ON) AND SPRING (FM) DIFFERENCES BETWEEN THE TWO SATELLITE PERIODS ARE ALSO GIVEN)
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As with Fig. 12 but for sea ice volume (x unit: period from 2002 to 2016, and y unit:10 3 km3 ).

The large standard deviations for thickness (see Fig. 11) imply for a greater regional variability due to dynamic and thermodynamic forcing acting on it. Meanwhile, smaller thickness
declines of about 0.3 m on average across MYI pack (two years
and older) was detected in PIOMAS simulations [23].
Fig. 11 corroborates the facts that sea ice thickness decreases
is more significant during autumn than spring between the two
satellite periods [20], [21]. The delayed autumn freeze-up due
to the dramatic summer ice loss, commonly observed during the
past decade, is in part responsible for the distinguished thickness decline through all ice elements [55]. The spring (FM)
thickness decrease between the two satellite periods is not such
evident, in that the thinner ice generally grow faster when the
freezing period gets started. All these scenarios pave a way for
the dramatic Arctic sea ice volume loss.
The changes of total Arctic sea ice area is different depending on seasons. A clear decrease (0.52 × 106 km2 ) in Arctic sea ice coverage is observed for autumn record between
2003–2008 and 2011–2015, while it remains almost unchanged
in spring [see Fig. 12(a)]. The increases in FYI coverage of
0.47 × 106 km2 (autumn) and 1.07 × 106 km2 (spring) are remarkable [see Table II and Fig. 10(b)]. On the contrary, MYI
cover has been experiencing large and comparable decreases in
autumn (0.99 × 106 km2 ) and spring (1.05 × 106 km2 ) between
the two periods [see Table II and Fig. 12(g)]. Within MYI pack,
the major component contributing to the large retreat of perennial ice cover is the oldest ice type [i.e., 5+ ice, Fig. 11(f)],
with the average decreases of 1.14 and 1.08 × 106 km2 during
autumn and spring periods, respectively (see Table II). Also,
we found a decrease for ice four years ice (see Fig. 10(e) and
Table II). By contrast, the younger MYI cover (two and three
years ice) went through slight increases between the two periods
[see Fig. 12(c) and (d)]. These facts are in agreement with other
studies [6], [7] arguing that the Arctic sea ice cover is becoming
younger and thinner.
Due to changes in the spatial distribution of sea ice, sea ice
volume changes between the two periods are astonishing. The
entire Arctic Ocean sea ice cover presented a volume reduction of 4.68 × 103 km3 (autumn, from 12.26 to 7.58 × 103 km3 )
and 1.46 × 103 km3 (spring, from 15.84 to 13.84 × 103 km3 )

(see Table II). In terms of percentage, these correspond to 37%
(ON) and 9% (FM) of the mean estimates of ICESat periods
(2003–2008). These changes are comparable to the calculation
in [20] for the ICESat (2003–2008) and CS2 (2010–2012) periods, by 4291 km3 (ON) and 1479 km3 (FM).
The near decadal record, taken ICESat and CS2 together,
shows the Arctic sea ice volume loss rate of 4050 km3 /decade in
autumn (ON) and 7200 km3 /decade in spring (FM), comparable
to estimates in [21] of 7760 km3 /decade and 4170 km3 /decade
using CS2 record for 2010–2014. Our estimates represent a
much slower trend compared to those obtained during the ICESat period, 8620 km3 /decade (FM) and 12370 km3 /decade (ON)
[12]. The overall decelerated trend is chiefly caused by the ice
volume recovery during the later CS2 period, particularly obvious in 2014 and 2015 [see Fig. 13(a)].
Apparently, the increase in FYI volume only counteract a
small part of the volume loss due to the markedly depletion of
MYI [see Fig. 13(b) and (g)]. The average FYI volume increased
by 0.22 × 103 km3 (autumn) and 2.24 × 103 km3 (spring) (see
Table II). Meanwhile, MYI volume reduced by 4.90 × 103 km3
(autumn) and 3.70 × 103 km3 (spring) (see Table II).
Within MYI, the largest loss of approximately 3.5 × 103 km3
in both seasons is observed for the oldest ice types (i.e., 5+ ice)
(see Fig. 12(f) and Table II). There is also a decrease in four years
ice by about 0.5 × 103 km3 for both seasons [see Fig. 13(e)].
For the younger MYI ice (two and three years ice), the changes
in volume were complicated (see Fig. 13(c) and (d) and Table II)
because of the compensation effects due to increase or decrease
in area and thickness. Table II also suggests that the net large
volume loss in Arctic sea ice for both seasons between the two
satellite periods is largely controlled by the significant decline
in thickness and extreme shrinkage in area of ice four years and
older.
D. Error Estimate in Ice Volume
Following [21], the volume errors (evol ) can be defined as a
simple form as follows:
evol (s) = As (eh + ea ) ± σv s

(6)
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TABLE III
SYSTEMATIC BIAS IN ARCTIC SEA ICE VOLUME ESTIMATES (UNIT: 103 KM3 )

where eh is the systematic bias between satellite-derived thickness and evaluation data, ea is the mean bias [see Fig. 5(a)] of
thickness due to sea ice age error caused by NSIDC ice motion
displacement error and defined as the bias between thickness of
the center grid and those of the neighboring 5 × 5 grids (grids
within a radius of 100 km of the center grid); As is the total
area for ice with an age of s; σv s is the uncertainty estimate of
ice volume calculated with (2)–(6). The comparison between
satellite-derived ice thickness and available measurements from
aircraft and in situ campaigns were used to provide sample values of the bias term (eh ). Employing the sample mean bias in
Figs. 5 and 7, the bias in age-dependent volume is computed
as As (eh + ea ) (assuming the bias distribution is spatially homogenous) and results are listed in Table III.
The bias term in volume error is different as evaluation data
varies (see Table III). Total Arctic sea ice volume are biased of
−530 km3 (ULS) and 230 km3 (Submarine) for ICESat-based
estimates. CS2-derived ice volume are biased about 660 km3
(ULS) and 1120 km3 (OIB). Table III also suggests that the bias
over CS2 period seems to be larger for younger ice (one to three
years ice) and smaller for older ice (four years and older) compared to those for ICESat, consistent with the fact that younger
ice currently is taking for more coverage in the Arctic Ocean.
On average, the ice volume bias of different ages (see Table III,
−430 to 520 km3 ) generally amount to less than 9% of the corresponding mean ice volume estimates (see Table II) over the
corresponding periods.
According to the uncertainty (σv s ) due to the significant error
sources in the input parameters as listed in Table I, we arrived the
combined error estimates in a root-sum-square manner [46]. The
uncertainties are 183–626 km3 (ON) and 160–865 km3 (FM)
(depending on ice ages) for the 2003–2008 period, and on the
ranges of 105–468 km3 (ON) and 92–1165 km3 (FM) for the
2011–2015 period. The Arctic Ocean sea ice volume uncertainties for CS2 period amount to 12.2% (FM) and 15.3% (ON) of
the mean sea ice volume estimates for different ages in different seasons. These errors are comparable to the uncertainties
presented in [46], which is 13.0% and 14.5% for Arctic sea ice
volume in April and October, respectively.
It is also necessary to analyze the inter-satellite bias before
examining the sea ice volume changes between the two satellite
periods. However, a qualified test is currently unpractical due to
the lack of well-assessed representative common dataset with
sufficient spatial and temporal overlapping with the two satellite observations. Our assessments based on ULS data indicate

Fig. 14. Monthly FYI coverage over the period 1984–2015. The records in
May (annual maximum) and in Sep (annual minimum) are marked as red and
blue diamonds, respectively. The trends for May and September are also given
(red and blue dashed lines).

Fig. 15.

As Fig. 14 but for all kinds of ice with varying ages.

an intersatellite bias of 0.2 m for ICESat (−0.06 m) and CS2
(0.14 m), roughly representing an intersatellite difference of
approximately 1350 km3 in total Arctic ice volume estimates.
This difference is comparable in magnitude to our estimates
of spring (FM) ice volume decrease of 1460 km3 between two
satellite periods, but unmatched to the decline in autumn (ON)
of 4680 km3 .
IV. DISCUSSION
To better understand the large loss in volume between two
satellite periods, we placed the past decadal ice component
changes under a long-term background. The monthly area time
series for FYI and MYI (determined from ice age) between 1984
and 2015 are presented in Figs. 14 and 15, respectively.
Fig. 14 outlines an increasingly enlarged seasonal cycle in
FYI area time series, which is mainly associated with the larger
positive trend of FYI area in May. It is easily to interpret that
there would be more FYI in winter owing to increased MYI
loss in coverage to be replaced by newly produced FYI. Also,
it is interesting to note that the Arctic sea ice cover contained
more FYI ice in Sep during recent decade compared to 1980s.
Therefore, the Arctic sea ice is currently more prone to suffer
from large summer melting processes. It has been pointed out
that the nine record low ice extents in September has occurred
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for the past nine years before 2015 [56]. Marked disappearance
of bright ice in summer allows the dark ocean to absorb more
solar radiation and heat up. This would, in a positive feedback
way, enhance the lateral and bottom melting of sea ice. Moreover, absorbed energy by ocean can delay the timing of autumn
sea water freeze-up and thus shorten the period of ice growth
[55]. The outcome of the substantial Arctic sea ice depletion in
summer is thus translated into the decreases in ice thickness and
volume during cold seasons, which is obvious in our comparison
between the two satellite periods.
The time series of MYI coverage of different ages is given
in Fig. 15. During the mid- to late-1980s, the Arctic Ocean
maintains in a stage of high MYI ice coverage. Afterward, it is
kept in a relatively moderate level through the whole 1990s and
early 2000s. Since mid-2000s, the MYI cover shows a trend of
continued loss. It turns out that the anomalously low replenishment for MYI area in autumn of 2007 led to a new phase of low
MYI [12]. Without any exceptionally large replenishment, the
MYI ice loiters within a range of 2 to 4 × 106 km2 after 2007.
In addition, the record loss in MYI cove in summer 2012 is
followed by a relative weak retreat during the following winter
in 2012/2013 and a large recovery of MYI ice in autumn 2013,
which prevents the MYI coverage from sliding to a new level of
low coverage (see Fig. 15).
The overall trend of the MYI coverage is largely controlled
by that of the oldest ice (5+ ice) which, in reference to area, is
characteristic with three periods (high: 1984–1989, moderate:
1991–2005, low: 2012–2015) (see Fig. 15). The year-to-year
area variability of the MYI ice is primarily attributable to the
changes of the 2-year ice coverage (correlation R = 0.83).
Fig. 15 indicates a relatively stable annual replenishment of
younger MYI for older ones. Indeed, the one-year delay correlation between 2 and 3 and 3 and 4 ice is relatively high (R = 0.78
and 0.75). However, the depletion of 5+ ice since 2008 indicates
a reduced replenishment for ice of four years and beyond toward
older ones, and the one-year delay correlation between 4 and 5+
ice is weak (R = 0.5). This mechanism favors for a transition
toward younger ice components within the Arctic Ocean. Along
with the distinct shrinkage of MYI coverage, the low survivability of the oldest MYI components foresees a reduced Arctic ice
volume since mid-2000s.
To gain more sights about the changes in the Arctic Ocean sea
ice cover from the view of replenishment, we estimate the annual
production and depletion amounts in ice coverage for both FYI
and MYI components between 1984 and 2015 (see Fig. 16).
For FYI, it generally melts between May-Sep and grows from
Sep through next May (see Fig. 14). Therefore, we referred the
annual ice production and loss estimates in FYI zone as to the
changes between May and Sep and between Sep and next May,
respectively. For MYI, it usually is replenished from August
(annual minimum) to October (annual maximum) and depletes
from October to next August (see Fig. 15). Accordingly, the
annual production and depletion estimates in MYI coverage are
calculated as changes between August and October and between
October and next August, respectively. The results are illustrated
in Fig. 16.
Fig. 16 shows that the annual behavior of FYI area production (dashed red line) during cold seasons (September to May)

Fig. 16. Sea ice area generation (increase) and elimination (decrease) for FYI
and MYI covers.

and depletion (dashed blue line) during following warm seasons
(May to September) is in good agreement, with a mean difference of 1.2 × 103 km2 and a correlation of 0.95. Furthermore,
both the sea ice growth and loss in FYI zone underwent a similar
positive trend (about 1.1 × 105 km2 /year, statistically significant at 99%). Moreover, the recent (post-2007) annual winter
growth and summer depletion in FYI component came through
a sudden increases since 2008, amounting to 3 × 106 km2 , compared to those before 2007 (approximately 1.8 × 106 km2 ). To
conclude, the replenishment/loss of FYI cover are basically
maintained in a nearly balance status, which brings limited
benefits to the overall recovery of perennial ice in the Arctic
Ocean.
The annual variability is more complicated with regard to the
replenishment and loss within MYI ice. Sea ice replenishment
in autumn (solid red line in Fig. 16) and the loss in following melting seasons (solid blue line in Fig. 16) does not show
any hint of a clear trend. The area balance for MYI cover is
not held as good as for FYI. A moderate correlation of 0.65
is obtained between the time series of replenishment and loss
in MYI ice coverage (solid lines in Fig. 16). Since 2005, there
is a difference of −6 × 104 km2 , on average, between replenishment and loss, pointing to a net area loss in MYI zone.
In particular, the extremely large MYI area retreat of about
2 × 106 km2 in 2006/07 (October to August) is followed by
the anomalously low (1 × 106 km2 ) replenishment of the MYI
cover during the following autumn (2007) [12]. Consequently,
a significant drop of MYI coverage between 2006 and 2008
emerged (see Fig. 14). Another significant shrinkage in MYI
coverage (around 1.5 × 106 km2 ) was observed in 2011/2012
and followed by a low ice remedy in autumn of 2012 (roughly
1 × 106 km2 ) (see Figs. 15 and 16). These two anomalies are
favorable for shifting the Arctic sea ice toward a younger and
thinner components, facilitating a net volume loss within the
MYI regime as demonstrated by preceding results [20], [21],
which is also affirmed in our estimates based on satellite observations.
V. CONCLUSION
Based on satellite-derived retrievals, we obtain the sea ice
volume estimates in terms of ice age over the two satellite
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periods (ICESat: 2003–2008 and CS2: 2011–2015). Results
point to a significant decline in overall Arctic sea ice volume,
with more significant changes in autumn than in spring. The
evident decreases in total ice volume between the two satellite
periods are controlled by the changes in older ice components
(five years and older). Furthermore, the variability and changes
of sea ice are discussed from the standpoints of area balance.
Analyses confirm that the unprecedented high MYI (two years
and older) depletion during cold months (October to May) in
2006/2007 and 2011/2012, together with the anomalous low autumn replenishment in 2007 and 2012, contributes to the recent
substantial decline in coverage of perennial ice. This serves to reformulate the Arctic sea ice cover toward younger constituents.
The decreased Arctic sea ice volume could trigger a broad
environmental response. For instance, the significant sea ice
volume loss is considered to have an important influences on
the sea ice mass balance, ocean salinity anomaly, as well as
fresh water cycles in the Arctic Ocean. In addition, heat and
momentum exchanges are likely reinforced, in view of the vital
role of sea ice as a blanket to modulate the energy flux between
Arctic Ocean and air, which may augment the warming effect
within and beyond the Arctic regimes.
Although the uncertainty for our ice volume estimates are
small, the bias term is relatively large, about several percent
relative to the total Arctic sea ice volume. Errors induced by
ice thickness originate from multiple sources, such as different
temporal and spatial scales of the data and acquisition and processing techniques between different satellite products. However, based on the current knowledge, it is hard to draw a more
accurate quantitative conclusion about sea ice volume changes
between the ICESat and CS2 periods. To fill this gap, more reliable knowledge of inter-satellite bias, derived from well overlapped independent measurements with a finer spatiotemporal
coverage, is needed. The new instrument onboard the ICESat-2
to be launched in 2017 encourages such an opportunity.
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