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[1] We present our best estimate of the thickness and volume of the Arctic Ocean ice cover
from 10 Ice, Cloud, and land Elevation Satellite (ICESat) campaigns that span a 5-year
period between 2003 and 2008. Derived ice drafts are consistently within 0.5 m of those
from a submarine cruise in mid-November of 2005 and 4 years of ice draft profiles from
moorings in the Chukchi and Beaufort seas. Along with a more than 42% decrease in
multiyear (MY) ice coverage since 2005, there was a remarkable thinning of�0.6 m in MY
ice thickness over 4 years. In contrast, the average thickness of the seasonal ice in
midwinter (�2 m), which covered more than two-thirds of the Arctic Ocean in 2007,
exhibited a negligible trend. Average winter sea ice volume over the period, weighted by
a loss of �3000 km3 between 2007 and 2008, was �14,000 km3. The total MY ice
volume in the winter has experienced a net loss of 6300 km3 (>40%) in the 4 years
since 2005, while the first-year ice cover gained volume owing to increased overall area
coverage. The overall decline in volume and thickness are explained almost entirely by
changes in the MY ice cover. Combined with a large decline in MY ice coverage over this
short record, there is a reversal in the volumetric and areal contributions of the two ice
types to the total volume and area of the Arctic Ocean ice cover. Seasonal ice, having
surpassed that of MY ice in winter area coverage and volume, became the dominant ice
type. It seems that the near-zero replenishment of the MY ice cover after the summers of
2005 and 2007, an imbalance in the cycle of replenishment and ice export, has played a
significant role in the loss of Arctic sea ice volume over the ICESat record.

Citation: Kwok, R., G. F. Cunningham, M. Wensnahan, I. Rigor, H. J. Zwally, and D. Yi (2009), Thinning and volume loss of the

Arctic Ocean sea ice cover: 2003–2008, J. Geophys. Res., 114, C07005, doi:10.1029/2009JC005312.

1. Introduction

[2] The sea ice extent of the Northern Hemisphere has
been declining at an average rate of �3% per decade over
the satellite record, and the summer decline seems to be
accelerating [Comiso et al., 2008]. In September 2007, the
summer ice extent reached a record minimum of 4.2 �
106 km2, which was 1.6 � 106 km2 or 23% less than the
previous record set in September 2005 [Stroeve et al.,
2008]. The summer retreat was particularly pronounced in
the East Siberian, Chukchi, and Beaufort seas. Contrary to
the daily observations of ice extent available from satellite
observations, there has been a lack of ice thickness data to
provide a spatial picture of the basin-scale response of the

ice cover to warming trends in the Arctic associated with
changes in the atmosphere [Rigor and Wallace, 2004] and
the ocean [Woodgate et al., 2006; Polyakov et al., 2007].
Very little ice draft data are available from submarine
cruises for the period after the concerted Scientific Ice
Explorations (SCICEX) efforts of the 1990s, and this
paucity of ice draft data has become especially acute.
The most current publication documenting the decline in
Arctic sea ice thickness [Rothrock et al., 2008], based on
ice draft profiles from submarine transects, covers only the
period between 1975 and 2000. In view of the rapid
changes of the ice extent during the past 5 years, there
is a compelling need for up-to-date spatial patterns of
Arctic sea ice thickness. The focus of the present note is
the use Ice, Cloud, and land Elevation Satellite (ICESat)
data to address this need.
[3] Recent papers [Kwok et al., 2004, 2006, 2007;

Forsberg and Skourup, 2005; Zwally et al., 2008; Kwok
and Cunningham, 2008] have demonstrated the feasibility
of retrieving freeboard and ice thickness from ICESat data.
In particular, comparison of the mean ice drafts from two
ICESat campaigns with those from moorings in the Beau-
fort Sea shows relative agreement to within 0.5 m [Kwok
and Cunningham, 2008] (henceforth KC08). In this paper,
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we use the procedures described in KC08 to convert the sea
ice elevation profiles from the ICESat lidar to estimates of
ice thickness. Since its launch in January of 2003 [Zwally et
al., 2002], ICESat has been acquiring elevation data over
the Arctic Ocean with its laser altimeter which has a �70 m
footprint. With an orbit inclination of 94�, the Arctic Ocean
is covered to 86�N. To date, the mission has completed 14
operational campaigns providing a 6-year record of global
observations from 2003 to present. In this paper, we present
our best estimate of the thickness and volume of the Arctic
Ocean ice cover from 10 ICESat campaigns that span a
5-year period between 2004 and 2008. This paper (1) de-
scribes an additional improvement in the ice thickness
estimation procedure, (2) provides a more extensive assess-
ment of the derived ice thickness, and (3) summarizes the
changes in the Arctic Ocean sea ice thickness and volume
over the ICESat record to date.
[4] The paper is organized as follows. Section 2 describes

the ICESat products and ancillary data sets used in our
analyses. A brief summary of the procedures used to
convert ICESat freeboard to estimates of sea ice thickness
is provided in section 3. An adjustment of the freeboard to
compensate for the elevation biases due to sea surface
references (areas) that do not completely fill the laser
footprint has been added. Section 4 describes the results
from our assessment of ICESat-derived thickness using ice
draft profiles from a SCICEX submarine cruise in mid-
November of 2005, and 4 years of ice draft profiles from
moorings in the Chukchi and Beaufort seas. The seasonal
variability of the Arctic Ocean sea ice freeboard, snow
depth, thickness, and volume from the 10 ICESat cam-
paigns are discussed in section 5. Trends in these quantities
are discussed in section 6. Section 7 considers the role of
export and melt in the decline in ice thickness and volume
over the record. Section 8 presents conclusions. For the
reader interested only in the changes in the Arctic Ocean sea
ice cover in the recent ICESat record, sections 3 and 4 can
be skipped.

2. Data Description

2.1. ICESat Campaigns Used

[5] Elevation data from 10 ICESat campaigns are used in
this paper. Table 1 shows the laser and campaign desig-
nations, their exact dates, and the duration of each cam-
paign. Data products are of release 428: the latest and best
releases available in terms of the quality of the precision
orbit and attitude determination at the time of this writing.
Broadly, these 10 campaigns span a period of 5 years, and
were selected to provide representative sampling of the fall
and winter sea ice cover of the Arctic Ocean. Throughout
this paper, we use the following campaign designations:
ON03, FM04, ON04, FM05, ON05, FM06, ON06, MA07,
ON07, and FM08. We note here that the campaigns start
dates vary (by almost a month) even though the length of
laser operation, except for ON03, remains �34 days. For
instance, the fall ON06 campaign started later in October
while MA07 is the only winter campaign on the list that
started in mid-March. We also note that these are not the
only ICESat campaigns; these 10 were selected for exam-
ination of the interannual and seasonal variability in the

retrieved freeboard, snow depth, sea ice thickness and
volume over the record.

2.2. Ice Draft From Profiling Systems

2.2.1. Submarine Cruises
[6] Ice draft data from a number of submarine transects

of the Arctic basin were used. The data are provided by the
U.S Navy Arctic Submarine Lab and archived at the
National Snow and Ice Data Center (NSIDC) [2006].
The data consist of first return draft measurements made
every few meters with a nominal footprint size of between
2.5 and 6 m. These data are recorded either digitally or in
analog form with care taken to produce equivalent data from
the two recording media [Wensnahan and Rothrock, 2005].
This paper also uses a new data set acquired in October/
November 2005 (Figure 3a) which are currently not avail-
able at NSIDC. The 2005 data are in the form of analog
paper charts and were digitized using the techniques of
Wensnahan and Rothrock [2005]. Mean draft was derived
for segments of the cruise varying from 15 to 50 km in
length. An assessment of the quality of the submarine draft
data set can be found by Rothrock and Wensnahan [2007].
In general, the error in the mean is approximately 25 cm.
The data are biased with respect to actual draft due to the
first return nature of the product by approximately +29 ±
12 cm.
2.2.2. Fixed Mooring Sites
[7] Ice draft time series are also obtained from two sets of

moorings. One set is deployed in the Canada Basin as part
of the Beaufort Gyre Exploration Project (www.whoi.edu/
beaufortgyre; Proshutinsky et al. [2004]) and the other is
from one Arctic Ice Monitoring (AIM) site in the Chukchi
Sea operated by the Institute of Ocean Sciences (Sidney,
Canada). The Beaufort Gyre Exploration Project (BGEP)
moorings have been operational since 2003. At these
moorings, upward looking sonars (ASL Environmental
Sciences model IPS-4) are typically located between 50
and 85 m beneath the ice cover (depending on actual mooring
length and deployment depth). A directed 420-kHz beam
ranges to the bottom surface of the sea ice every two seconds
with a footprint of about 2 m. Seawater pressure and
temperature are recorded by each instrument every forty
seconds. Ice draft is determined from the corrected range
minus the pressure of the transducer (corrected for atmo-
spheric pressure variations), after taking into account instru-
ment tilt, sound speed and density variations in the seawater.
The same type of upward looking sonar is deployed at the
AIM site and processed using the same procedures. In
addition, the data from this site have been mapped into a
pseudospatial coordinate system using ice velocities derived
from an acoustic Doppler sonar. That is, ice draft profiles are
presented in regular spatial increments rather than in time
increments. Methods used in the processing and calibration
of the sonar to yield ice draft are described by Melling et al.
[1995]; individual ice drafts are typically accurate to within
±0.1 m (95% confidence limits).

2.3. Other Data Sets

[8] Gridded fields of multiyear (MY) ice fraction are from
the analysis of QuikSCAT data [Kwok, 2004]. QuikSCAT is
a moderate resolution wide-swath (1800 km) Ku-band
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scatterometer that provides daily coverage of the Arctic
Ocean at V and H polarizations with spatial resolutions of
�25 km at incidence angles of 53� and 45�. Daily ice
motion fields are derived from the AMSR-E satellite
passive microwave observations (89-GHz channel) using
the procedures in Kwok et al. [1998]. Daily ice concentra-
tion fields are also from AMSR-E. The ECMWF meteoro-
logical fields are provided by the Data Support Section of
the Scientific Computing Division at the National Center
for Atmospheric Research (NCAR). These fields are on a
Gaussian (n80) grid with a resolution of approximately
1.125�.

3. ICESat Freeboard and Thickness

[9] In this section, we provide a description of (1) the
process used in the estimation of ice thickness and (2) an
additional freeboard adjustment introduced to compensate
for the elevation biases in freeboard when the sea surface
references (areas of leads and thin ice) do not fully fill the
entire laser footprint.

3.1. Freeboard to Thickness

[10] Our methods to retrieve freeboard and to estimate
ice thickness are based on those in Kwok et al. [2007]
and KC08. The reader is referred to these papers for
more detailed descriptions and assessments of these
approaches. Here, we outline very briefly the steps taken
to obtain the fields of ice thickness from the 10 ICESat
campaigns.
[11] ICESat freeboard, as used here, is the vertical eleva-

tion of the air-snow interface from the local sea surface
(Figure 1). For the Arctic Ocean, the total freeboard consists
generally of a snow layer superimposed on the freeboard of
floating sea ice. This total freeboard height, hf, above the sea
surface can be written as the sum of two terms:

hf ¼ hfs þ hfi; ð1Þ

where hfs and hfi are the thicknesses of the snow and ice
layers above the sea surface.
[12] The total freeboard, hf, is the difference between

surface elevation, hobs, as measured by a laser altimeter and
the sea surface height, hssh:

hf x; tið Þ ¼ hobs x; tið Þ � hssh x; tið Þ: ð2Þ

Both hobs and hssh are defined, in the case of ICESat,
relative to the TOPEX/Poseidon ellipsoid.
[13] Since we lack centimeter-level knowledge of the

time-variable sea surface height, a necessary step in retriev-
ing freeboard is the identification of available sea surface
references (tie points) over the ice cover. The practical
issues associated with the identification of sea surface
samples in ICESat data can be found in Kwok et al.
[2007]. Briefly, our freeboard estimates (hf) are derived by
combining the sea surface elevations (hssh tie points) from
three different procedures. In order of decreasing quality,
these approaches select elevation samples (1) of new open-
ings identified in ICESat profiles and SAR imagery,
(2) where the ICESat reflectivities are below those of the
background snow covered sea ice and where their elevations
exceed an expected deviation below that of a local mean
surface, and (3) where the only condition is that their
elevations exceed an expected deviation below that of a
local mean surface. We designate these three categories of
tie points as Hop, HDR, and Hs. The strength of the second
and third approaches is that they do not depend on the
availability of SAR imagery and offer a larger density of tie
points to provide a more complete depiction of the spatial
pattern of sea ice freeboard over the Arctic Basin. Using the
tie points from new openings (Hop) for assessment of the
second and third categories (HDR and Hs), Kwok et al.
[2007] showed that the consistency in the identification of
hssh tie points from these two approaches is �5 cm
(standard deviation). Our estimate of hssh within a 25-km
segment is the weighted average of available tie points; the
weights are computed on the basis of measures of their
quality [Kwok et al., 2007]. Overall, the results suggest that
the retrieval procedures provide consistent freeboard esti-
mates along 25-km segments (containing �140 ICESat
samples) with uncertainties of better than 7 cm (with a
fraction of that due to a bias of �3–4 cm).
[14] The retrieved sea surface heights (hssh) are then

adjusted for two sources of bias: snow layer and coverage
of sea surface reference (area) within lidar footprint. First, if
an area of snow covered thin/new ice were identified as a tie
point, the snow layer would increase the elevation of that
sea surface tie point (hssh) and lead to an underestimation of
freeboard (hf). KC08 introduced a nominal adjustment for

Table 1. ICESat Data Used

Laser Campaigna Period Days of Operation

2a ON03 24 Sep to 18 Nov 55
2b FM04 17 Feb to 21 Mar 34
3a ON04 3 Oct to 8 Nov 37
3b FM05 17 Feb to 24 Mar 36
3d ON05 21 Oct to 24 Nov 35
3e FM06 22 Feb to 27 Mar 34
3g ON06 25 Oct to 27 Nov 34
3h MA07 12 Mar to 14 Apr 34
3i ON07 2 Oct to 5 Nov 37
3j FM08 17 Feb to 21 Mar 34
aCampaign notation is mmyy.

Figure 1. Schematic showing the arrangement of sea ice
freeboard, draft, and thickness discussed in section 2.
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snow coverage (over thin ice) based on the reflectivity of
that elevation sample and have demonstrated the efficacy of
that correction in reducing the relative biases between the
three categories of tie points. A second adjustment is
necessary because the ICESat elevations (from waveform
fitting) represent the mean of the surface elevation distribu-
tion within the laser footprint. If the sea surface and thin ice
areas do not fill the footprints, the surface relief of the
neighboring ice cover will contaminate the elevation of the
selected tie points (i.e., local sea surface). Thus, a mixture
of surface elevations would cause an overestimation of the
desired tie point elevation and consequently an underestima-
tion of the retrieved freeboards. The compensation for this
source of bias was not discussed in KC08 and is introduced
below (in section 3.2).
[15] After the adjustment of the ICESat freeboards, the

following relationship is used to compute the ice thickness
(hi) of elevation samples within 12.5 km of available tie
points:

hi ¼
rw

rw � ri

� �
hf �

rw � rs
rw � ri

� �
hfs: ð3Þ

Using the assumption that the floating ice cover is in
isostatic balance, the densities of ice (ri), snow (rs), and
seawater (rw) provide the appropriate scaling for hydrostatic
equilibrium. In the following analyses, the density of
seawater, rw, is assumed to be constant (1024 kg/m3) and
the bulk density of snow, rs, follows a seasonal behavior
discussed in KC08. A constant ice density of 0.925 g/cm3 is
used [Weeks and Lee, 1958; Schwarz and Weeks, 1977]. The
spatially varying snow depth, hfs, is from the accumulation
of snowfall (from ECMWF fields) by an advecting ice cover

(using ice motion from AMSR-E). The construction of the
daily fields of snow depth and the appropriate use of these
daily fields are described in KC08.

3.2. Area of Sea Surface References Within Laser
Footprint

[16] Sea ice freeboards (hf) are measured relative to the
elevation of the local sea surface (hssh) of water or thin ice in
open leads. Unless the lead area fills the entire footprint of
the lidar, the retrieved sea surface is biased by the elevation
of the neighboring ice cover. As there is a range of lead
widths in the Arctic Ocean, the extent of these biases is
dependent on the fraction of the laser footprint occupied by
the sea surface reference as well as its reflectivity (see
Figure 2). When the lead/thin ice area is snow filled (i.e.,
lead reflectivity equals snow/ice reflectivity), the error in
freeboard elevation is linearly related to the relative fraction
of lead coverage (Aref/Afootprint), where Aref and Afootprint are
the areas of the sea surface reference and laser footprint,
respectively. Furthermore, if a lead (or surface references)
has lower reflectivity, as is expected of new openings or thin
ice with a very thin layer of snow, the contribution of the
darker lead area to the return waveform is reduced. Effec-
tively, this increases the weighting of the elevation of the
surrounding ice cover and therefore the freeboard errors
within that footprint.
[17] While we have no knowledge of the area coverage of

sea surface references within individual footprints, we can
obtain an assessment of the fraction of our tie points that are
expected to be biased based on lead width statistics. If the
width of most of the leads on the ice cover are narrower
than the footprints, then a nominal correction, even though
imperfect, could reduce this source of error in the retrieved
freeboards. However, we are not aware of lead width

Figure 2. Freeboard error and lead ‘‘widths.’’ (a) Dependence of freeboard error on lead reflectivity (R)
and fractional coverage within the lidar footprint. (b) Cumulative distribution of the length open-water
spans from Arctic Ice Monitoring (AIM) and Scientific Ice Expeditions (SCICEX) ice draft profiles.
Figure 4a shows the location of AIM mooring in the Chukchi Sea. The AIM data set covers the two
seasons between September 2003 and August 2004 (S1) and between September 2004 and 2005 (S2). Ice
drafts from five SCICEX cruises (1993, 1996, 1997, 1998, and 1999) are used to create the average
cumulative distribution (solid line). All SCICEX data, except for 1999, were acquired during the summer
and fall.
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statistics of the Arctic Ocean at this length scale (in the
published literature) that we could use for comparison with
the diameter of the ICESat footprint (�70 m). To be useful,
the statistics must span lead widths in the range from meters
to hundreds of meters. Here, instead of lead widths, we
create a proxy of this statistic by computing the spans of
open water (in meters) using ice draft profiles from moored
and submarine ice profiling sonars (Figure 2b). This is a
lead width proxy because it does not measure the shortest
distance between two ice floes and these spans will typically
be wider than the actual widths. All samples with ice drafts
less than 10 cm are considered to be open water. Changing
this detection criterion by 5 cm does not alter the results of
this section. And, only spans with lengths of more than 5 m
are included in the distributions owing to the limitations in
spatial resolution (spot size) of the profiling sonars. These
two data sets provide a fairly diverse sampling of the Arctic
in terms of season and location: the AIM data set contains
time series of ice draft at a fixed location in the Chukchi Sea
over 2 years, while the SCICEX cruises span multiple years
and two primary seasons. The ice draft profiles from the
BGEP moorings are not used here because they have not
been converted into a pseudospatial representation (uniform
sampling in space) using acoustic Doppler data.
[18] The cumulative distributions of the length of these

open-water spans from both the AIM moorings and five
SCICEX cruises (Figure 2b) show that, on average, more
than 80% of these spans are narrower than the footprint
diameter of the ICESat lidar. These distributions show the
likelihood that the retrieved freeboards are biased is high,
especially when the reflectivity of that ICESat sample is
low. In fact, the percentage of biased samples would be
higher because our proxy measure overestimates actual lead
widths. Moreover, we expect the likelihood to be even
higher if we account for the fact that the altimeter footprints
do not always cover the width of an entire lead (i.e., it could
cover only a fraction of that lead) even though its width
could be larger than the footprint. Thus, it is necessary and
useful to devise a nominal correction of the ICESat free-
boards prior to the steps to convert them to ice thickness. On
the basis of residual biases in the retrieved freeboard after
the snow adjustment (see Figure 3 in KC08), we apply the
following reflectivity-dependent scaling, a, of the freeboard
(hf):

h0f ¼ ahf where a ¼ 1:1þ 0:1
Rsnow � R

Row

� �
: ð4Þ

Rsnow, Row, and R are the reflectivities of snow, bare ice, and
the ICESat sample, respectively. Rsnow and Row are
approximately 0.7 (the mean background reflectivity in
the ICESat data) and 0.25 at the wavelength of the ICESat
laser. Because it is a scale factor, the total adjustment (in
meters) is dependent on the freeboard elevation and
increases with the reflectivity difference between the ICESat
sample and the background ice/snow. Qualitatively, this
models the behavior of the freeboard-dependent residuals
after the snow correction. Effectively, this compensates for
biases in the 10–20% range as indicated by the gray region
in Figure 2a. We feel that this is a crucial correction of the
ICESat freeboards.

4. Comparisons With Ice Draft From Profiling
Sonars

[19] In this section, ICESat ice drafts are compared with
drafts from submarine and moored ice profiling sonars.
ICESat thicknesses are converted to sea ice drafts (hd) via:
hd = hi � (hf � hfs) (see Figure 1).

4.1. Ice Draft From a Submarine Transect

[20] The operational period of the ON05 ICESat cam-
paign overlaps with one cross-Arctic submarine transect in
November 2005. Figure 3a shows this transect (in white): it
originates north of Point Barrow, continues toward the
North Pole, and terminates in the Nansen Basin. It is plotted
against a background field of multiyear sea concentration
derived from QuikSCAT. In terms of ice conditions, the
transect first encounters a fragmented tongue of MY cover
north of the Alaska coast, then runs into an area of low MY
ice coverage (bluish colors) in the Canada Basin, before
entering the thick MY ice pack of the central Arctic Ocean.
The black curve in Figure 3b shows the submarine ice draft
profile across the basin. The samples along the submarine
profile are mean submarine ice draft of segments that are
more than 15 km in length. The submarine data are provided
as a set of disjointed ice draft profiles of varying lengths
(segments) as determined by changes in course, speed or
depth of the submarine. Importantly, an expected bias of
29 cm has been removed from the mean draft of each
segment. After considering the relevant error sources in the
estimation of ice draft from U. S. Navy submarines,
Rothrock and Wensnahan [2007] reported that the measured
submarine ice drafts are probably on average 29 cm too
large and advised that this bias should be considered when
comparing submarine ice drafts with other data sets.

Figure 3. Comparison of ICESat estimates with submarine ice drafts. (a) Submarine track (white) from Point Barrow to
the eastern Arctic Ocean (between 12 and 20 November 2008) overlaid on the map of multiyear sea ice concentration
derived from QuikSCAT. Dashed circle shows the ICESat data hole. (b) Profiles of mean submarine (black) and ICESat
(blue) ice draft from segments >15 km in length. Quantities near the bottom of the plot (blue) show the number of near
coincident ICESat segments (i.e., within 10 days and 25 km of the submarine track). (c–d) ICESat versus submarine ice
draft distributions (IDD-1 and IDD-2) from a 400-km and 300-km span of the submarine ice draft profile shown in Figure 3b.
The number of samples (N), the population mean, and the scatter about the mean (+RMS, –RMS) are shown. (e) Scatterplot
shows mean ICESat and submarine ice drafts. N is the number of samples in the plot, and r is the correlation between the two
quantities. The horizontal error bars show the expected 25-cm uncertainty of the submarine ice draft [Rothrock and
Wensnahan, 2007], and the vertical error bars show the ±1 RMS deviations and the variability of the ICESat samples,
respectively. (f) Mean ice motion during the 8-day submarine transect. (Contours are sea level pressure isobars; interval is
2hPa.)
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Figure 3
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[21] For comparison with the submarine profile, we plot
the mean and standard deviation of the ICESat-derived ice
drafts (Figure 3b, blue) from 25-km segments that are
within 5 days and 22 km of the center location of each
submarine segment. Each 25-km ICESat segment contains
�140 ice draft samples. The quantities at the bottom of the
plot (Figure 3b, blue) show the number of ICESat segments
that satisfy our space-time proximity criteria. More ICESat
segments are available at higher latitudes because of con-
verging satellite orbits near the pole. The difference between
the ICESat and submarine ice draft, after accounting for the
average 29 cm bias, is �0.1 (0.42) m. The quantity in
brackets is the standard deviation of the differences. Figure
3e shows the scatter of the two quantities. The horizontal
error bars show the expected 25 cm uncertainty of the
submarine ice draft [Rothrock and Wensnahan, 2007] and
the vertical error bars show the ±1 RMS deviations and the
variability of the ICESat samples, respectively. The thicker
ICESat drafts early on in the transect stands out and could
be attributed partly to the inadequate sampling of the
fragmented nonuniform ice cover of MY and first-year
(FY) sea ice and partly to ice advection. Near the Alaska
coast, mean ice motion (Figure 3f) along the submarine
transects is predominantly south at 5–6 km/day during this
period. At this location, the sampling of the ice is very
sensitive to the location of that tongue of thick MY ice in
the southern Beaufort Sea. ICESat segments from east of the
transect would sample thicker MY ice from the remnants of
the summer ice cover rather than the first-year ice west of
the ice cover. Past 500 km from the coast, the thickening
trend across the basin seems to be in better agreement.
[22] Next, we compare the submarine and ICESat ice

draft distributions (IDD) along two sections (IDD-1 and
IDD-2) of the subtrack (Figures 3c and 3d). These sections
are selected for the following reasons. First, they are long
enough that both sample populations are large enough to
provide a representative depiction of the density function.
Second, they present distinctive ice conditions for assessing
the sensitivity of the ICESat draft distributions. The IDD-1
section samples the thinner ice in an area of mixed MY and
FY ice while IDD-2 samples the distribution in a region of
thicker ice with higher MY fraction. To match the spatial
resolution of the data used to construct the IDDs, the 1-m
submarine ice draft samples are first averaged to form 70-m
samples to mimic the diameter of the ICESat footprint.
Finally, we also have to consider how to deal with the
expected 29-cm bias in the submarine draft (discussed
above) because just shifting the entire distribution by this
amount does not seem physically reasonable as it would
create negative drafts. Instead, we scale the ice draft of the
two sample populations (one scale factor for each popula-
tion) to obtain an effective reduction in the sample mean of
29 cm. This seems more sensible because the dominant
errors are not typically introduced by the sonar measure-
ments in the thinner end of the ice draft distribution but in
the thicker end (e.g., keels of deformed ice).
[23] Figures 3c and 3d contrast the ICESat (in black) and

submarine ice draft distributions (in pink). The pink enve-
lopes show the variability of distributions along each
submarine section. The mean differences in ice draft are
0.04 m and �0.17 m for the two sections. Qualitatively, it
can be seen that the shapes of the two distributions are

similar and that the ice is thinner in the IDD-1 section. But
even though it is encouraging to see that the ICESat IDDs
have fairly long tails and seem to be within the envelope of
the submarine IDDs, the most distinctive feature common to
both comparisons seems to be the narrower ICESat IDDs.
Barring the fact that the differences could be due to space-
time differences in the ICESat versus submarine IDDs, there
are many factors that could contribute to the observed
differences. These factors span the spectrum that covers
instrumental and algorithmic issues to our understanding of
the expected equivalence in the distribution of surface relief
and bottom topography. The resolution of these differences,
however, is quite beyond the scope of this paper.

4.2. Ice Draft From Moorings

[24] Here, we compare ice draft time series from the AIM
mooring in the Chukchi Sea and from the four BGEP
moorings in the Beaufort Sea with the estimates from
ICESat. Figure 4a shows the location of the five moorings
and the data span from each mooring.
[25] As the mooring data provide point-wise sampling of

the ice draft of a moving ice field at fixed locations and the
ICESat profiles provide spatial observations at essentially
fixed times, an initial step is to match the spatial length
scales/extent of the observations to produce comparable
statistics. The mooring samples are first processed to
produce twice-daily samples of the means and standard
deviations of ice drafts that are representative of those from
25-km tracks. For the AIM data set, the time-sampled ice
drafts have already been resampled onto a pseudospatial
coordinates of 1-m spacing using the ice velocity from its
acoustic Doppler sonar, and thus it is straightforward to
create these 25-km statistics. Since the BGEP mooring data
are provided in time-sampled format, the total number of
mooring observations used in each twice-daily ice draft
sample is variable; the temporal interval that covers the
sample population is defined by the time it takes for the
overhead ice pack to travel a net distance of �25 km.
Rough ice drift from the 89-GHz channel of AMSR-E on
the Aqua platform is used in this calculation.
[26] The scatterplots (Figures 4b–4e) show the relative

agreement between the ICESat and mooring ice drafts for
four growth seasons: ON03/FM04, ON04/FM05, ON05/
FM06, ON06/MA07. Mean ICESat-derived ice drafts are
from 25-km segments that are closest in time (within half a
day) and within 25 km of the moorings. The data from the
fall campaigns are shown with open symbols, and the data
from the winter are shown with solid symbols. The number
of points that satisfy the space-time proximity criteria is
small for each season. The mean differences range from
�0.32 to 0.24 m, with the standard deviation of the differ-
ences at �0.5 m for all seasons. Taken together, the overall
difference is �0.14 (0.51) m with a correlation of 0.63
between the two ice draft populations (Figure 4f). The
ICESat drafts tend to be biased positive in the fall and
negative in winter. We do not have an explanation for this.
[27] It is interesting to note that the standard deviation of

the differences is similar to that obtained from our subma-
rine draft comparison above. The consistency of the assess-
ment and the diversity in time and space of the mooring and
submarine records give us confidence in the relative quality
of the ICESat ice draft estimates. Finally, it is also important
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to recognize when looking at these assessments that (1)
these comparisons are coincident neither in time nor space
and thus variability due to these factors affects the results
and (2) there are inherent uncertainties in the moored ULS
ice drafts (�0.1 m). Similar to the submarine ice drafts, the
moored ULS ice drafts are slightly overestimated because
the sonar range represents the leading edge of the return
pulse from the ice surface and would therefore be biased by
keels if the spot size were large. If these factors were taken
into consideration, they could reduce the differences.

5. Sea Ice Thickness and Volume: Seasonal
Behavior

[28] In this section, we discuss the seasonal behavior of
the freeboard, snow depth, thickness and volume of the
Arctic Ocean sea ice cover during the fall and winter ICESat
campaigns of 2004 through 2008. Their trends over the

record are discussed in the section 6. To be specific, we
refer to the Arctic Ocean as that area bounded by the
gateways into the Pacific (Bering Strait), the Canadian
Archipelago and the Greenland (Fram Strait) and Barents
seas. Within these boundaries, the Arctic Ocean covers a
fixed area of �7.2 � 106 km2. Figure 5 shows the 5-year
record of freeboard, snow depth, thickness, and volume
while Figure 6 shows the detailed spatial patterns of ice
thickness and their distributions. Tables 2 and 3 summarize
the mean and variability of the fall and winter behavior of
these four quantities. We separate the 10 ICESat campaigns
into five that represent the fall (ON03, ON04, ON05, ON06,
ON07) and five that represent the winter (FM04, FM05,
FM06, MA07, FM08). Again, their actual start and end
dates are shown in Table 1. As mentioned in section 2, the
ICESat operational periods do not necessarily start at the
same dates, and thus there is expected variability associated
with the timing of individual campaigns for comparing their

Figure 4. Comparison of ICESat estimates with ice draft from moorings. (a) Location of AIM and
Beaufort Gyre Exploration Project (BGEP) moorings in the Beaufort and Chukchi seas. (b) ON03 and
FM04 ICESat campaign. (c) ON04 and FM05 ICESat campaign. (d) ON05 and FM06 ICESat campaign.
(e) ON06 and MA07 ICESat campaign. (f) All campaigns. (Triangles, ICESat versus AIM; circles,
ICESat versus BGEP; open symbols, fall (ON campaigns); solid symbols, winter (FM and MA
campaigns)). The number of samples (N), the correlation (R) between the two quantities, and the mean
and standard deviation of the differences between the quantities are shown in Figures 4b–4f.
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seasonal and interannual behavior. Typically, there is a
�4–5 month separation between the fall and winter
campaigns.
[29] These quantities are also computed in regions with

predominantly multiyear ice (MY fraction > 0.5) and first-
year ice (MY fraction < 0.5). This partition allows us to
examine the differences in their seasonal behavior asso-
ciated with their age, thickness, and volume. Henceforth,
we refer to these two areas as the MY and FY ice

zones, respectively. The fields of MY fractions (shown
in Figure 5d) used in these calculations are derived from
QuikSCAT backscatter [Kwok, 2004].

5.1. Freeboard, Snow Depth, and Ice Thickness

[30] Figures 5a and 5b show the 5-year record of overall
mean ICESat freeboard and snow depth from which the sea
ice thicknesses are derived. The spatial fields are not shown
here and the reader is referred to KC08 for a more detailed

Figure 5. Changes in the Arctic Ocean sea ice freeboard, snow depth, multiyear/first-year coverage,
thickness, and volume (2004–2008). (a) Freeboard. (b) Snow depth. (c) Sea ice thickness. (d) MY/FY ice
coverage. (e) MY/FY ice area. (f) Ice volume. Multiyear (MY) and first-year (FY) areas are delineated
using the 50% MY concentration isopleth. Uncertainties in the thickness and volume estimates are
discussed in sections 5.1 and 5.2.
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