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In recent years, the Arctic sea ice cover has undergone
a precipitous decline in summer extent. The sea ice
mass balance integrates heat and provides insight
on atmospheric and oceanic forcing. The amount of
surface melt and bottom melt that occurs during
the summer melt season was measured at 41 sites
over the time period 1957 to 2014. There are large
regional and temporal variations in both surface and
bottom melting. Combined surface and bottom melt
ranged from 16 to 294cm, with a mean of 101 cm.
The mean ice equivalent surface melt was 48cm
and the mean bottom melt was 53cm. On average,
surface melting decreases moving northward from
the Beaufort Sea towards the North Pole; however
interannual differences in atmospheric forcing can
overwhelm the influence of latitude. Substantial
increases in bottom melting are a major contributor
to ice losses in the Beaufort Sea, due to decreases in
ice concentration. In the central Arctic, surface and
bottom melting demonstrate interannual variability,
but show no strong temporal trends from 2000 to 2014.
This suggests that under current conditions, summer
melting in the central Arctic is not large enough to
completely remove the sea ice cover.

1. Introduction

The Arctic sea ice cover is in decline. Satellite
observations show a large reduction in summer ice extent
[1-4]. The 2012 summer minimum ice extent was the
lowest of the satellite record (starting in 1979), 2013 was
the fifth lowest and 2014 the sixth lowest. Observations
also indicate a reduction in ice thickness in some regions
of the Arctic [5-10]. The age of the ice is also changing,
with less multiyear ice and more seasonal ice [11-13].
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Many factors have been identified as contributing to this decline [1], including warming
surface air temperature trends [14,15], changes in atmospheric circulation and ice motion
[12,16,17], preconditioning of the ice [18,19], shifts in cloud cover [20-22], advected ocean heat
[23-26] and the ice albedo feedback [27-29]. Climate models project that these changes may
accelerate in the future [30], possibly resulting in a transition to ice-free summers later this
century [31,32].

Remotely sensed observations of sea ice extent, thickness and age provide the evidence of
an Arctic sea ice cover that is smaller in extent, thinner and younger. While these observations
show what is happening to the ice cover, they provide limited insight into how it is happening.
For example, remote observations cannot distinguish whether changes in winter ice growth or
summer melt are occurring on the ice surface or bottom. Sea ice growth, surface melt and bottom
melt are directly related to forcing from the atmosphere and ocean. Therefore, information on
changes in forcing can be gleaned from regional and temporal variations in ice surface and bottom
melt. Previous ice mass balance studies have defined the annual cycle of ice growth and melt
[33,34], assessed the impact of solar radiation on surface and bottom melt [28,29], examined a time
series of mass balance near the North Pole [35] and investigated changes in the snow cover on sea
ice [36]. Here, we use an ensemble of mass balance results from 41 sites spanning the western
Arctic and including years from 1957 to 2014, to explore the regional and temporal variability of
sea ice mass balance and forcing.

2. Approach

The local thermodynamic mass balance of sea ice comprises (i) changes in snow depth,
(ii) changes in ice thickness, (iii) winter ice growth, (iv) summer surface melt, (v) summer bottom
melt and (vi) changes in ice temperature [33]. Mass balance measurements have long been part
of extended sea ice field campaigns [33,34,37]. The sea ice mass balance is also measured using
autonomous buoys [38-40].

We compiled sea ice mass balance results made over an entire summer melt season from
41 distinct sites, including both manned camps and autonomous buoys, for the period 1957 to
2014. This dataset is a synthesis of previously published results from drifting stations [33,34,37]
and autonomous buoys [27,28,35], as well as unpublished results from autonomous buoys
(http:/ /imb.erdc.dren.mil/). The summer season lasted from May to October, defined by the
time period when melt generally began and ended, respectively. The location of the 41 sites on
15 July is shown in figure 1. All of these sites were located in undeformed, unponded ice. The
sites are divided into three geographical groupings: Beaufort Sea (15 sites), Intermediate (13 sites)
and North Pole (13 sites). Data at each of the sites include year, position on 15 July, maximum
ice thickness and snow depth, ice equivalent snow melt, surface ice melt, total surface melt and
bottom ice melt (table 1). Results are used to investigate the amount of surface and bottom melt,
as well as regional and temporal variability in surface and bottom melting.

3. Results

Snow plays a complex role in the mass balance of sea ice. In winter, snow is a thermal insulator
reducing ice growth. In spring, it is a highly reflecting surface reducing ice melt. Figure 2 displays
the maximum snow depth at each of the mass balance sites. The maximum snow depth typically
occurred in mid-May. Snow depths varied both regionally and temporally, with large differences
from place to place and year to year. Overall, snow depths ranged from 5 to 50 cm, with a mean
of 25 cm, a median of 27 cm and a standard deviation of 13 cm.

The total amount of surface and bottom melt is presented in figure 3. The top panel shows
total surface melt, including both snow melt and ice melt. Snow melt is represented by the ice
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Figure 1. Map showing the locations on 15 July of the 41 sea ice mass balance sites. Green designates Beaufort sites, blue is
Intermediate and red is North Pole. The star denotes the position of the geographical North Pole, the coloured numbers denote
how many sites in each category and the white portion represents the 1981-2010 median sea ice extent for July as determined
by the National Snow and Ice Data Center. The figure was made using Google Earth. (Online version in colour.)

Table 1. Summary of results for 41 sites of summer ice mass balance. Snow and ice units are centimetres.

15 July maximum  maximum total
15 July longitude ice snow iceequivalent  surface  surface  bottom
summer latitude  (neg = west)  thickness depth snow melt icemelt  melt ice melt

Beaufort

(Continued.)
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Table 1. (Continued.)

15 July maximum  maximum total

15July  longitude ice snow iceequivalent ~ surface  surface  bottom
summer  latitude  (neg = west)  thickness depth snow melt icemelt  melt ice melt
2008 75.93 —142.59 3n 7 6 87 923 177
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Figure 2. Maximum snow depth for each of the 41 sites. Data are colour coded and grouped by region: Beaufort (green),
Intermediate (blue) and North Pole (red). Within a group, data are sorted oldest to most recent. The numbers on the x-axis
designate the year of the summer the measurements were made. (Online version in colour.)

equivalent snow melt (S;) using the expression

Si = (ﬁ) HS/
Pi

where Hg is the snow depth, ps is the snow density set to 300 kgm™2 and pj is the ice density set
to 900 kg m~3. The overall mean total surface melt was 48 cm, the median was also 48 cm and the
standard deviation was 23 cm. The snow cover completely melted at all 41 sites. However, at one
Intermediate site (in 2013) and a few North Pole sites (in 2004, 2010 and 2013), there was very
little surface ice melt. The total amount of surface melt ranged from 6 cm at an Intermediate site,
during the summer of 2013, to 93 cm in the summer of 2008 in the Beaufort Sea.

Bottom melt exhibited more variability than surface melt ranging from 10 to 210 cm. The
210 cm bottom melt case occurred in the Beaufort Sea in the summer of 2007. Bottom melt for
the 41 sites had a mean of 53 cm, a median of 40 cm and a standard deviation of 45 cm. The large
difference between the mean and the median was due to four sites in the Beaufort Sea, where
there was more than 1 m of bottom melt.

The overall mean of the combined surface and bottom melt is 101 cm, the median is 88 cm and
the standard deviation is 61 cm. The smallest amount of combined melt observed was 16 cm, at
an Intermediate site in 2013, and the largest amount was 294 cm, in the Beaufort Sea during the
summer of 2007. In general, there is more melt in the Beaufort Sea, with seven of the 10 largest
melt amounts occurring at Beaufort sites.

We used the mass balance dataset to explore relationships between surface and bottom melt
and with other parameters such as year, melt season duration, latitude, seasonal change in ice
extent and atmospheric pressure indices (such as the Arctic Oscillation Index). Most comparisons
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Figure 3. Total surface ice melt and bottom melt for each of the 41sites. Total surface meltincludes the ice equivalent snow melt
(light colour) and the surface ice melt (dark colour). Data are colour coded and grouped by region: Beaufort (green), Intermediate
(blue) and North Pole (red). Within a group, data are sorted oldest to most recent. The numbers on the x-axis designate the
summer the measurements were made. (Online version in colour.)

showed very little correlation. Somewhat surprisingly, there does not appear to be a strong
relationship between surface and bottom melt (figure 4a) and the coefficient of determination
(R?) is 0.27. While the mean values of surface and bottom melt were similar, at a given site there
could be considerable variability between the two. Of the 41 cases, only seven have roughly equal
surface and bottom melt amounts (within 10%). Fifteen sites have more bottom than surface melt,
whereas 19 have more surface melt than bottom. The variability is large. For example, for surface
melt of about 20 cm, bottom melt varies from 10 to 85 cm. This result demonstrates that there is
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Figure 4. Scattergrams of (a) total surface melt versus total bottom melt and (b) total surface melt versus latitude. Each of the
three regions has its own symbol and colour. (Online version in colour.)

not a strong general connection between the atmospheric and oceanic forcings that control surface
and bottom melt.

Total surface melt (snow plus ice) versus latitude is plotted in figure 4b. While there is a weak
trend of decreasing surface melt moving northward, the results show considerable scatter and R?
is only 0.27. For example, the variability of total surface melt is from 40 to 95cm at a latitude of
75° N and from 10 to 60 cm at 88° N. This variability implies that there are interannual differences
in atmospheric forcing that can overwhelm the influence of latitude.

One-to-one parameter comparisons, like those in figure 4, will intrinsically exhibit scatter due
to the multiple factors that combine to determine the amount of surface melt and bottom melt.
These factors include the duration of the melt season, summer snowfalls, cloudiness, local ice
concentration, storms and ice motion. Unfortunately with only 41 sites, there is insufficient data to
fully populate an extensive multivariate analysis that includes the above listed factors. However,
we can explore relationships by averaging individual values of surface and bottom melt, and
thereby smoothing some of the variability between individual sites and years.

Table 2 presents the mean, median, standard deviation, maximum and minimum for the three
regions and for two time periods of pre-2000 and 2000-2014. The regional results are presented
graphically in figure 5 as a box plot showing mean, median, standard deviation, maximum and
minimum. An analysis of variance shows that there is no significant difference in mean snow
depth for the Beaufort (24 cm), Intermediate (26 cm) and North Pole (27 cm) regions. Surface
melting shows a decrease in the mean, moving from the southernmost site in the Beaufort (66 cm),
to the Intermediate (42 cm), and finally to the North Pole (34 cm). The decrease in surface melt as a
function of latitude is much clearer for the mean values than it is for the individual points plotted
in figure 4b. T-tests comparing surface melt in the different regions show the Beaufort sites had
statistically significant (p < 0.01) more surface melting than either the Intermediate or North Pole
sites. Note that p represents the probability that there is no difference between the two means.

There is a profound regional difference in bottom melting. The mean bottom melt in the
Beaufort (82 cm) is roughly double that for the Intermediate (36 cm) and North Pole (42 cm) cases
and has a much larger standard deviation and range of values. The mean value of bottom melting
in the Beaufort is significantly greater than either the Intermediate or North Pole means (p < 0.02).
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Table 2. Summary of mean, median, standard deviation, maximum and minimum for various parameters for the three regions n
and two time periods. The number in parentheses is the number of cases in the group. The units are centimetres.

maximum ice ENI ice equivalent surface surface ice bottom

thickness snow depth snow melt ice melt plus snow melt ice melt
all locations (41)
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Figure 5. Summary statistics of maximum snow depth, total surface melt and bottom melt plotted for the three regions. The
solid square is the mean, the horizontal line the median, the box is 2-1s.d. and the whiskers are the maximum and minimum
values of the parameter. (Online version in colour.)
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Figure 6. Summary statistics of maximum snow depth, total surface melt and bottom melt plotted for the two time periods.
The solid square is the mean, the horizontal line the median, the box is 4-1s.d. and the whiskers are the maximum and minimum
values of the parameter. (Online version in colour.)
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There is no statistically significant difference between the Intermediate and North Pole mean
bottom melt.

Temporal trends in surface and bottom melt are explored in figure 6. These data are divided
into two time periods, pre-2000 (six cases) and 2000-2014 (35 cases). The two time periods were
selected based on the time series of September minimum ice extent, which shows an increasing
rate of loss after 2000. Unfortunately, there are only limited data available from the earlier period.
Comparing the pre-2000 results to the recent period shows a statistically significant (p < 0.01)
decrease in mean snow depth from 33 to 24cm. The change in mean surface melting from
43 cm (pre-2000) to 48 cm (2000-2014) was not statistically significant. The largest change was the
statistically significant (p < 0.01) increase in mean bottom melt, which more than doubled from
28 to 57 cm. The largest amounts of bottom melting occurred in the Beaufort Sea region, where
four of the nine cases during the 2000-2014 period have more than 1 m of bottom melt. While the
number of cases in the Beaufort is limited, there was a 350% increase in the mean bottom melt
from the pre-2000 (four cases) value of 30 cm compared with the 2000-2014 (nine cases) value of
106 cm.

4. Discussion

Results from 41 ice mass balance sites show significant regional and temporal variability in
surface and bottom melt. The full range of melt at individual sites is from 6 cm of surface melt
to 210 cm of bottom melt. When taken over the course of the summer, these differences in total
melt correspond to a huge variability of net surface and bottom fluxes from just a few Wm~2 to
nearly 150 Wm™—2.

The interannual variability in any region is large. This is not surprising due to the many factors
that contribute to melt. Surface melt is affected by clouds, incident solar radiation, the start and
end dates of the melt season, air temperature and winds. Bottom melt is related to the heat content
of the upper ocean, ice-ocean mixing, solar input to the upper ocean and the ice concentration.
Averaging results over individual sites within a region shows that latitude is a rough proxy for
incident solar irradiance and temperature, with the average value of surface melt decreasing
moving northward. However, it is apparent that interannual differences in atmospheric forcing
can overwhelm the influence of latitude.

Away from the ice edge, at the Intermediate and North Pole sites, there is interannual
variability in surface and bottom melt, but no evident temporal trend in either over the
observational record. In all cases but one, the combined amount of surface and bottom melt at
these sites is not enough to completely melt first year ice and is never enough to completely
melt multiyear ice that is thicker than 2.5m. More generally, under current conditions, summer
melting is not large enough at the Intermediate and North Pole sites to completely remove the sea
ice cover.

The story is different in the Beaufort Sea, near the edge of the summer ice cover. Here, most
sites record enough melting to completely melt first year ice and on two occasions completely
melt multiyear ice. These large amounts of melting in the Beaufort have been due to a significant
increase in bottom melt from 2000 to 2014 compared with the pre-2000 period (p < 0.01). Earlier
work [28,29] has shown that solar radiation absorbed in leads plays a major role in bottom melt.
Increases in the area of open water result in increases in solar heat input to the upper ocean and
ultimately to increases in bottom melt. The Beaufort Sea is a region where often in recent years
summer ice retreat has resulted in decreased ice concentration, leading to more solar input and
more bottom melt, creating an ice albedo feedback.

Data accessibility. All data presented in this paper are available from the lead author. Contact the lead author
at donald.k.perovich@usace.army.mil. Data and more information on ice mass balance are available at
http://imb.erdc.dren.mil/.
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