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Abstract

Recent salinity changes in the Southern Ocean (Wong et al., 1999; Jacobs et al., 2002; Boning
et al., 2008; Helm et al., 2010; Durack et al., 2012; Purkey and Johnson, 2013; de Lavergne et al.,
2014) are among the most prominent signals in the global ocean, yet their underlying causes have
not been firmly established (Wong et al., 1999; Boning et al., 2008; Helm et al., 2010; Purkey
and Johnson, 2013). Here, we propose that trends in northward transport of Antarctic sea ice
are a major contributor to these changes. Using satellite observations supplemented by sea-ice
reconstructions, we estimate that the wind-driven (Holland and Kwok, 2012; Haumann et al.,
2014) northward freshwater transport by sea ice increased by 20+10% between 1982 and 2008.
The strongest and most robust increase occurred in the Pacific sector coinciding with the largest
observed salinity changes (Helm et al., 2010; Durack et al., 2012). We estimate that the additional
freshwater for the entire northern sea-ice edge entails a freshening rate of —0.02+0.01 g kg™*
per decade in open ocean surface and intermediate waters, similar to the observed freshening
(Wong et al., 1999; Jacobs et al., 2002; Boning et al., 2008; Helm et al., 2010; Durack et al.,
2012). The enhanced rejection of salt near the coast of Antarctica associated with stronger sea-ice
export counteracts regionally the freshening of continental shelf (Jacobs et al., 2002; Jacobs and
Giulivi, 2010; Nakayama et al., 2014) and newly formed bottom waters (Purkey and Johnson,
2013) due to the increasing addition of glacial meltwater (Paolo et al., 2015). Although the
data sources underlying our results have substantial uncertainties, regional analyses (Drucker
et al., 2011) and independent data from an atmospheric reanalysis support our conclusions. Our
finding that northward sea-ice freshwater transport is a key determinant of the Southern Ocean
salinity distribution also in the mean state further underpins the importance of the sea-ice induced
freshwater flux. Through its influence on the oceans density structure (Sigman et al., 2010), this
process has critical consequences for the global climate by affecting the deep-to-surface ocean
exchange of heat, carbon, and nutrients (Sigman et al., 2010; Ferrari et al., 2014; Frolicher et al.,
2015; Landschiitzer et al., 2015b).
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2.1 Article

Observations of salinity in the Southern Ocean over the last decades have revealed a substantial,
wide-spread freshening in both coastal (Jacobs and Giulivi, 2010; Hellmer et al., 2011) and open
ocean surface waters (Jacobs et al., 2002; Durack et al., 2012) as well as in the water masses
sourced from these regions (Wong et al., 1999; Boning et al., 2008; Helm et al., 2010; Purkey
and Johnson, 2013). In particular, Antarctic Intermediate Water (AAIW) and Subantarctic Mode
Water (SAMW) freshened at a rate between —0.01 and —0.03 g kg~! per decade during the
second half of the 20th century (Wong et al., 1999; Boning et al., 2008; Helm et al., 2010). In the
Pacific and Indian Ocean sectors, continental shelf waters and Antarctic Bottom Water (AABW)
also freshened substantially (Jacobs et al., 2002; Jacobs and Giulivi, 2010; Purkey and Johnson,
2013), while in the Atlantic this freshening was smaller (Purkey and Johnson, 2013; Hellmer
et al., 2011). These salinity changes have been attributed to increased surface freshwater fluxes,
stemming either from enhanced Antarctic glacial melt (Jacobs et al., 2002; Jacobs and Giulivi,
2010; Purkey and Johnson, 2013; Nakayama et al., 2014; Paolo et al., 2015) or from increased
atmospheric freshwater fluxes, as a result of an excess of precipitation over evaporation (Wong
et al., 1999; Durack et al., 2012). Glacial meltwater (Paolo et al., 2015) most likely freshened
coastal waters in the Amundsen and Ross Seas (Jacobs et al., 2002; Jacobs and Giulivi, 2010;
Nakayama et al., 2014), but the freshening signal in AABW, which is formed in this region, is
much smaller than expected (Purkey and Johnson, 2013). In contrast, in the open Southern Ocean,
increases in the atmospheric freshwater flux as simulated by global climate models appear to be
largely insufficient to explain the recent freshening of AAIW (Wong et al., 1999; Helm et al.,
2010).

Changes in northward sea-ice transport could possibly contribute to the wide-spread salinity
changes in the Southern Ocean (Holland and Kwok, 2012). This process acts as a lateral conveyor
of freshwater by extracting freshwater from the coastal regions around Antarctica where sea ice
forms and releasing it at the northern sea-ice edge where sea ice melts (Figure 2.1; Saenko et al.,
2002; Komuro and Hasumi, 2003; Kirkman and Bitz, 2011). Despite substantial wind-driven
changes in sea-ice drift over the last few decades (Holland and Kwok, 2012; Haumann et al.,
2014), this contribution has not been quantified yet. Here, we suggest that surface freshwater
fluxes induced by a stronger northward sea-ice transport are a major cause for the observed salin-
ity changes in recent decades. The large contribution of freshwater transport by sea ice to the
salinity trends is corroborated by our finding that this process plays a key role for the climatolog-

ical mean salinity distribution.

Our conclusions are based on basin-scale estimates of annual net sea-ice-ocean freshwater
fluxes and annual northward transport of freshwater by sea ice over the period 1982 through 2008.
Further evidence in support is provided by our assessment of atmospheric reanalysis data (Dee

et al., 2011) and results from another regional study (Drucker et al., 2011). We derived the sea-
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Figure 2.1 Effect of northward sea-ice freshwater transport on Southern Ocean salinity:
Schematic cross-section illustrating the effect of northward sea-ice freshwater transport (blue ar-
rows) on (a) mean ocean salinity and (b) on the trends over the period 1982 through 2008 (section
2.2.11). The red line separates the open and coastal ocean regions. The increasing sea-ice transport
freshened the open ocean and, by leaving the salt behind in the coastal region (red curved arrows),
compensated for part of the freshening by enhanced glacial meltwater input (gray arrows). White
arrows indicate the freshening effect from both sea ice and land ice. Positive fluxes are defined
downward or northward. The background shows mean salinity (in color) and density (dashed black
lines) separating Circumpolar Deep Water (CDW) from Antarctic Intermediate Water (AAIW) and
Subantarctic Mode Water (SAMW). Orange arrows: ocean circulation; AABW: Antarctic Bottom
Water.
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ice related freshwater fluxes by combining sea-ice concentration, drift, and thickness data and by
using a mass-balance approach of the sea-ice volume divergence and local change (section 2.2.5).
The analyzed sea-ice concentration stems from satellite observations (Meier et al., 2013b, section
2.2.2, Figure 2.5) and its thickness from a combination of satellite data (Kurtz and Markus, 2012)
and a model-based sea-ice reconstruction that assimilates satellite data (Massonnet et al., 2013,
section 2.2.3, Figure 2.6). The sea-ice volume divergence was computed from satellite-based
sea-ice drift vectors (Fowler et al., 2013b, section 2.2.4, Figures 2.7 and 2.8) and sea-ice volume.
From the resulting sea-ice volume budget, we finally estimated the freshwater equivalents of
local annual sea-ice-ocean fluxes due to freezing and melting and annual lateral sea-ice transport
(sections 2.2.5 and 2.2.6).

Uncertainties in these derived freshwater flux products are substantial (section 2.2.8). A ma-
jor challenge arises from the need to combine sea-ice drift estimates from different satellites in
order to estimate trends. We addressed potential inhomogeneities and biases by vigorous data
quality control, several corrections, and considering different time periods (section 2.2.7). A sec-
ond challenge is associated with the relatively limited number of observations of sea-ice thick-
ness. These uncertainties plus the observationally constrained range of the other input quantities
entered our error estimates of the final freshwater flux product (Tables 2.1 and 2.2). In the At-
lantic sector, uncertainties associated with the mean sea-ice thickness distribution dominate the
uncertainty, while in the Pacific sector, uncertainties are mostly caused by uncertainties in sea-ice
drift.

Our analysis reveals large trends in the meridional sea-ice freshwater transport in the South-
ern Ocean between 1982 and 2008 (Figures 2.1b and 2.2c) affecting the regional sea-ice-ocean
freshwater fluxes (Figure 2.2d). The annual northward sea-ice freshwater transport of 130130
mSv (1 milli-Sverdrup = 10 m3 s=! ~ 31.6 Gt yr™!; Figure 2.2a; Table 2.1) from the coastal
to the open ocean region strengthened by +9+5 mSv per decade (Table 2.2). Here, the coastal
ocean refers to the region between the Antarctic coast and the zero sea-ice-ocean freshwater flux
line, and the open ocean is the region between the zero sea-ice-ocean freshwater flux line and the
sea-ice edge (Figure 2.2b). The increased northward transport caused, on average, an additional
extraction of freshwater from the coastal ocean of —40420 mm yr~! per decade and an increased

addition to the open ocean region of +20410 mm yr—! per decade.

The overall intensification occurred primarily in the Pacific sector where we find a vigorous
northward freshwater transport trend of +14+5 mSv per decade. The trends in this sector are the
most robust ones (Table 2.3). Over the whole period, this change in the Pacific sector corresponds
to an increase of about 30% with respect to the climatological mean in the entire Southern Ocean
(Table 2.1). Largest trends occurred locally in the high-latitude Ross Sea (Figure 2.2d), where
our estimated trends agree well with a previous study (Drucker et al., 2011, section 2.2.9). The
increase in the Pacific sector is partly compensated for by small decreases in the Atlantic and

Indian Ocean sectors. We reach similar conclusions when we consider only the satellite data
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Figure 2.2 Mean state and trends of net annual freshwater fluxes associated with sea ice
over the period 1982 through 2008: (a) Mean sea ice induced freshwater transport. (b) Mean
net sea-ice-ocean freshwater flux. (¢, d) Linear trends of northward sea-ice freshwater transport (c)
and net sea-ice-ocean freshwater flux from freezing and melting (d). Stippled trends are significant
at the 90% level (section 2.2.8). Arrows: (a) mean and (c) trend of the annual transport vectors;
thick black lines: zero sea-ice-ocean freshwater flux line dividing the coastal from the open ocean
regions; thin black lines: continental shelf (1000-m isobath); gray lines: sea-ice edge (1% sea-ice
concentration); green lines: basin boundaries.

from 1992 through 2004, i.e., the period when they are least affected by potential inhomogeneities
(Table 2.3).

The reason for the observed northward sea-ice freshwater transport and its recent trends is
the strong southerly winds over the Ross and Weddell Seas, which persistently blow cold air
from Antarctica over the ocean, pushing sea ice northward (Haumann et al., 2014). The winds
over the Ross Sea considerably strengthened in recent decades, possibly due to a combination
of natural, multi-decadal variability, changes in greenhouse gases, and stratospheric ozone de-
pletion (Haumann et al., 2014). These changes in southerly winds induced regional changes in
northward sea-ice drift (Holland and Kwok, 2012; Haumann et al., 2014), which are responsi-
ble for the sea-ice freshwater transport trends (sections 2.2.3, 2.2.6, and 2.2.10). This relation

between the atmospheric circulation and sea-ice drift changes enabled us to independently esti-
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mate the sea-ice drift anomalies using sea-surface pressure gradients along latitude bands from
atmospheric reanalysis data (Dee et al., 2011, section 2.2.10). Comparing the resulting northward
sea-ice transport anomalies to the satellite-based estimates across the same latitude bands, results
in a similar overall trend (Figure 2.3). Thus, this alternative approach not only corroborates our
estimated long-term trend, but it also suggests that any remaining inhomogeneities in the sea-ice
drift data due to changes in the satellite instruments are comparably small after applying multiple

corrections (sections 2.2.4 and 2.2.7).

©
o

N
o

Sea-ice freshwater transport [mSv]
o

-40
— — . Satellite based: — — . ERA-Interim based:
+8 mSv decade™ +8 mSv decade™
80k E—— = (1982-2008, 21 years) (1982-2008, 27 years),
1985 1990 1995 2000 2005

Year

Figure 2.3 Time series of annual northward sea-ice freshwater transport anomalies across
latitude bands: The underlying sea-ice drift data are based on two independent data sources, i.e.,
the corrected NSIDC satellite data (blue; only consistent years) and zonal sea-level pressure gradi-
ents from ERA-Interim data (gray; section 2.2.10). Dashed lines show the respective linear regres-
sions. Inserted map shows the latitude bands in the Atlantic (69.5° S) and Pacific (71° S) sectors.

To assess how the changing sea-ice-ocean freshwater flux (Figure 2.2d) affected the salinity in
the Southern Ocean, we assumed that the additional freshwater in the open ocean region entered
AAIW and SAMW formed from upwelling Circumpolar Deep Waters (CDW; Abernathey et al.,
2016; Talley, 2013, section 2.2.11). We find that our freshwater flux trends imply a freshening at
arate of —0.0240.01 g kg™! per decade in the surface waters that are transported northward and
form AAIW and SAMW (Figure 2.1b). Thus, the sea-ice freshwater flux trend could account for
a substantial fraction of the observed long-term freshening in these water masses (Wong et al.,
1999; Boning et al., 2008; Helm et al., 2010). The strong sea-ice-ocean freshwater flux trends
in the Pacific sector (Figure 2.2d) spatially coincide with the region of largest observed surface
freshening (Figure 2.12; Jacobs et al., 2002; Durack et al., 2012) and can explain also the stronger
freshening of the Pacific AAIW as compared to that of the Atlantic (Wong et al., 1999; Helm et al.,
2010). A more quantitative attribution of the observed salinity trends to the freshwater transport
trends is beyond the scope of our study because the observed freshening trends stem from different
time periods, and have strong regional variations and large uncertainties themselves (Wong et al.,
1999; Boning et al., 2008; Helm et al., 2010). However, our data show that changes in northward
sea-ice freshwater transport induce salinity changes of comparable magnitude to the observed

trends.

Our estimates in coastal regions (Figure 2.2d) also help to explain the observed salinity
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changes in AABW (Purkey and Johnson, 2013), which is sourced from this region. Additional
glacial meltwater from West Antarctica (Paolo et al., 2015) strongly freshened the continen-
tal shelf in the Ross and Amundsen Seas over recent decades (Jacobs et al., 2002; Jacobs and
Giulivi, 2010; Nakayama et al., 2014, Figure 2.1b). However, the observed freshening in Pacific
and Indian Ocean AABW was found to be much smaller than expected by this additional glacial
meltwater (Purkey and Johnson, 2013). Our data suggests that the freshening induced by the in-
creasing glacial meltwater is substantially reduced by a salinification from an increased sea-ice to
ocean salt flux over the continental shelf in the Pacific sector. This salt flux trend corresponds to
a freshwater equivalent of —10+£3 mSv per decade, resulting from an increasing northward sea-
ice export from this region of enhanced sea-ice formation (Figure 2.2c-d). In contrast, over the
continental shelf in the Atlantic sector, our data suggests a decreasing sea-ice to ocean salt flux,
corresponding to a freshwater equivalent of +-6+3 mSv per decade, which may have contributed
to the observed freshening of the newly formed Atlantic AABW (Purkey and Johnson, 2013) and
the north-western continental shelf waters (Hellmer et al., 2011).

The large contribution of trends in sea-ice freshwater transport to recent salinity changes in
the Southern Ocean is in line with the dominant role that sea ice plays for the surface freshwater
budget in the seasonal sea-ice zone (Tamura et al., 2011) and for the global overturning circulation
(Saenko et al., 2002; Komuro and Hasumi, 2003; Kirkman and Bitz, 2011; Abernathey et al.,
2016) in the mean state. The freshwater equivalent of the total Southern Ocean sea-ice melting
flux (Figure 2.4a) is as large as 4601100 mSv (Table 2.1). On an annual basis, the vast majority of
this melting flux is supported by the freezing of seawater of —410+-110 mSv, with the remaining
flux arising from snow-ice formation (Massom et al., 2001, section 2.2.3). Most of the sea ice
is produced in the coastal region (—320+70 mSv), but only about 60% of the sea ice also melts
there. The rest, i.e., 130430 mSv is being exported to the open ocean (Figure 2.4c). These mean
estimates agree well with an independent study carried out in parallel to this study (Abernathey
et al., 2016), which is based on the assimilation of Southern Ocean salinity and temperature

observations (section 2.2.9).

The process of northward freshwater transport by sea ice effectively removes freshwater from
waters entering the lower oceanic overturning cell, in particular AABW, and adds it to the upper
circulation cell, especially AAIW (Figure 2.1a). Hereby, the salinity difference between these
two water masses and thus the meridional and vertical salinity gradients increase. In steady
state, the northward sea-ice freshwater transport of 130+30 mSv implies a salinity modification
of +0.15+£0.06 g kg=* and —0.3340.09 g kg~! in waters entering the lower and upper cell,
respectively (section 2.2.11). The latter suggests that sea-ice freshwater transport accounts for the
majority of the salinity difference between upwelling CDW and the exiting AAIW. We estimated
that the salinification from sea ice in waters entering the lower circulation cell is compensated
for by glacial meltwater and by an excess precipitation over evaporation in this region at about
equal parts, agreeing with the very small salinity difference between CDW and AABW (section
2.2.11).
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Figure 2.4 Mean annual sea-ice related freshwater fluxes associated with melting, freezing,
and transport over the period 1982 through 2008: (a) Sea-ice-ocean freshwater flux due to melt-
ing. (b) Freshwater flux associated with freezing and snow-ice formation. (¢) Fraction of freshwater
exported relative to local freezing flux (red) and imported relative to the local melting flux (blue)
due to sea-ice induced freshwater transport (arrows). Black and gray lines as in Figure 2.2.

Because salinity dominates the density structure in polar oceans (Sigman et al., 2010), our
findings imply that sea-ice transport is a key factor for the vertical and meridional density gradi-
ents in the Southern Ocean and their recent changes (Figure 2.1). This interpretation is consistent
with the observation that large areas of the upper Southern Ocean not only freshened but also
stratified in recent decades (de Lavergne et al., 2014). Increased stratification potentially ham-
pers the mixing of deeper, warmer, and carbon-rich waters into the surface layer and thus could
increase the net uptake of CO, (Sigman et al., 2010; Frolicher et al., 2015; Landschiitzer et al.,
2015b). Consequently, our results suggest that Antarctic sea-ice freshwater transport, through its
influence on ocean stratification and the carbon cycle, is more important for changes in global
climate (Sigman et al., 2010; Ferrari et al., 2014) than has been appreciated previously. This im-
plication of our findings for the climate system stresses the urge to better constrain spatial patterns
as well as temporal variations of sea-ice-ocean fluxes by reducing uncertainties in observations

of drift, thickness, and snow cover of Antarctic sea ice.
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2.2 Methods

2.2.1 Data

Satellite-derived sea-ice concentration stems from the Climate Data Record (CDR, version 2;
1980 to 2009; http://dx.doi.org/10.7265/N55M63M1; Meier et al., 2013b) that comprises data
from the NASA Team algorithm (NTA; Cavalieri and Parkinson, 2008) and the Bootstrap algo-
rithm (BA; version 2; Comiso, 1986), as well as a merged data set. Sea-ice thickness data stems
from a reconstruction with the ocean-sea-ice model NEMO-LIM2 (1980 to 2009; Massonnet
et al., 2013), from the laser altimeter ICESat-1 (2003 to 2008; http://seaice.gsfc.nasa.gov; Kurtz
and Markus, 2012), as well as from ship-based observations (ASPeCt; 1980 to 2005; http://aspect.
antarctica.gov.au; Worby et al., 2008). Satellite-derived sea-ice drift stems from the National
Snow and Ice Data Center (NSIDC, version 2; 1980 to 2009, http://nsidc.org/data/nsidc-0116;
Fowler et al., 2013b) and is corrected by drifting buoy data (1989 to 2005; Schwegmann et al.,
2011). We used an alternative sea-ice drift product for the uncertainty estimation (1992 to 2003;
http://rkwok.jpl.nasa.gov; Kwok et al., 1998; Kwok, 2005). Additionally, we used daily atmo-
spheric sea-level pressure, surface air temperature, and 10-m wind speed from the ERA-Interim
reanalysis (1980 to 2009; http://apps.ecmwf.int; Dee et al., 2011). We provide a detailed descrip-

tion of the data processing in the corresponding sections below.

2.2.2 Sea-ice concentration

We used all three sea-ice concentration products available from the CDR (Meier et al., 2013b,
section 2.2.1). If any of the grid points in either the merged, NTA, or BA product shows 0%
sea-ice concentration, all products are set to 0% sea-ice concentration. We used a first order
conservative remapping method from the Climate Data Operators (CDO, 2015, version 1.6.8) to
interpolate the sea-ice concentration to the sea-ice drift grid. The BA performs superior compared
to the NTA around Antarctica as the NTA underestimates sea-ice concentrations by 10% or more
(Figures 2.5a-b; Comiso et al., 1997; Meier et al., 2013b). Therefore, we primarily used the BA
product. However, BA potentially underestimates sea-ice concentration in presence of thin sea ice
and leads (Comiso et al., 1997; Meier et al., 2013b). Therefore, we used the merged product that
should be more accurate in these regions (Meier et al., 2013b) to estimate the uncertainties. Gen-
erally, sea-ice concentration is the best constrained of the three sea-ice variables. Its contribution
to the climatological mean flux uncertainty is below 1% (Table 2.1). To obtain the uncertainty
in the freshwater flux trends, we additionally used the NTA because differences in the Antarctic
sea-ice area trends between the BA and NTA have been reported (Eisenman et al., 2014). Differ-
ences between the BA and NTA sea-ice concentration trends range from 10% to 20% relative to

the actual trend (Figures 2.5¢c-d). The associated uncertainties in the spatially integrated sea-ice
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freshwater flux trends are about 10% (Table 2.2).
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Figure 2.5 Uncertainties and trends in Antarctic sea-ice concentration over the period 1982
through 2008: (a) Bootstrap (BA) minus CDR merged data. (b) NASA Team (NTA) minus CDR
merged data. (¢) Decadal trends of the BA sea-ice concentration. Stippled trends are statistically
significant (at least 90% level). (d) Decadal trends of Bootstrap minus NASA Team data. The thick
gray line marks the mean sea-ice edge (1% sea-ice concentration).

2.2.3 Sea-ice thickness

Sea-ice thickness data spanning our entire analysis period do not exist, mostly owing to chal-
lenges in remote sensing of Antarctic sea-ice thickness (Kern and Spreen, 2015). Therefore, we
used a sea-ice thickness reconstruction (Massonnet et al., 2013, section 2.2.1) from a model that
assimilated the observed sea-ice concentration. Through the assimilation, the model constrained
air-sea heat fluxes, improving the spatial and temporal variability of sea-ice thickness. The model
did not assimilate sea-ice thickness observations themselves. Sea-ice thickness, as we use it here,

is not weighted with sea-ice concentration and does not include the snow layer.

The reconstruction overestimates the sea-ice thickness in the central Weddell and Ross Seas
and underestimates it in some coastal regions compared to the ICESat-1 (Kurtz and Markus, 2012)
and ASPeCt (Worby et al., 2008) data sets (section 2.2.1; Figure 2.6). To compare the different
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sea-ice thickness data sets, we interpolated the reconstruction, ICESat-1, and ASPeCt data to the
sea-ice drift grid using CDO (2015) distance-weighted averaging. For our best estimate of the
sea-ice freshwater fluxes, we applied a weighted bias correction to the reconstruction using the
spatially gridded version of the ICESat-1 data (see below). Both the ICESat-1 and ASPeCt data
sets are potentially biased low, particularly in areas with thick or deformed sea ice (Worby et al.,
2008; Kwok and Maksym, 2014; Kern and Spreen, 2015; Williams et al., 2015), where we found
the largest differences between these two data sets and the uncorrected reconstruction. Thus, the
thicker sea ice in the Weddell Sea in the uncorrected reconstruction might yet be realistic, espe-
cially when considering alternative ICESat-1 derived estimates for this region (Kern and Spreen,
2015; Yi et al., 2011; Kern et al., 2016). To capture the full uncertainty range associated with
the mean sea-ice thickness distribution, we used the difference between the uncorrected recon-
struction and the ICESat-1 data. Uncertainties in sea-ice thickness dominate the climatological
freshwater flux uncertainties in the Atlantic and Indian Ocean sectors, ranging from 10% to 35%,

and are also substantial in all other regions and for the overall trends (Tables 2.1 and 2.2).

For the correction of the mean sea-ice thickness distribution, we first calculated relative dif-
ferences to ICESat-1 whenever data were available. Then, we averaged all differences that were
within two standard deviations over time. We applied this average, relative bias correction map to
the data at each time step. To ensure that local extremes were not exaggerated, we used weights.
Weights were one for a sea-ice thickness of 1.2 m, i.e., the full bias correction was applied, and
decreased to zero for sea-ice thicknesses of 0.2 m and 2.2 m, i.e., no bias correction was applied.
We derived these thresholds empirically to reduce biases with respect to the non-gridded ICESat-
1 and ASPeCt data (Figure 2.6). Trends in the reconstruction remain largely unaffected by the
bias correction (comparing Figure 2.6a and the original trend by Massonnet et al. (2013)).

Local extremes in the sea-ice thickness reconstruction, caused by ridging events, are most
likely inconsistent with the observed sea-ice drift and would lead to unrealistic short-term varia-
tions in our final fluxes. However, when considering net annual melting and freezing fluxes and
averages over large areas these variations cancel. To reduce the noise in our data set, we filtered
extremes with a daily sea-ice thickness anomaly larger than 2 m with respect to the climatological
seasonal cycle, representing only 0.1% of all data points. These and other missing grid points (in
total 2.6%) were interpolated by averaging the neighboring grid points. We also calculated our
sea-ice freshwater fluxes based on the unfiltered data and included these fluxes in our uncertainty

estimate.

Snow-ice formation due to flooding and refreezing (Massom et al., 2001; Maksym and Markus,
2008) is part of the estimated sea-ice thickness. As snow-ice forms partly from the atmospheric
freshwater flux and not from the ocean alone, it could lead to an overestimation of the total ocean
to sea-ice freshwater flux due to freezing. The amount of snow-ice formation is highly uncertain
(Massom et al., 2001; Maksym and Markus, 2008) but within the uncertainty of the sea-ice thick-

ness. To account for this process, we reduced the freezing fluxes according to snow-ice formation
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Figure 2.6 Mean, trend, and uncertainty of Antarctic sea-ice thickness: (a) Decadal trends of
the corrected reconstruction (1982-2008). Stippled trends are statistically significant (at least 90%
level). (b) Mean of the reconstruction (1982-2008). (¢) Mean of the corrected reconstruction (1982—
2008). (d) Mean of the non-gridded ICESat-1 data (2003—-2008, 13 campaigns). (e) Reconstruction
minus non-gridded ICESat-1 data (2003-2008). (f) Corrected reconstruction minus non-gridded
ICESat-1 data (2003-2008). (g) Mean of the ASPeCt data (1980-2005). (h) Reconstruction minus
ASPeCt data (1980-2005). (i) Corrected reconstructions minus ASPeCt data (1980-2005). The
thick gray line marks the mean sea-ice edge (1% sea-ice concentration). Differences are based on
data when both respective products were available. Data points without data in the sea-ice covered
region are gray shaded in d-i.
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estimates from the reviewed literature (Massom et al., 2001). In the Atlantic, Indian Ocean,
and Pacific sectors, we applied approximate snow-ice formation rates of 8+8%, 15+15%, and
12+£12% of the freezing flux, respectively (Massom et al., 2001). In the entire Southern Ocean,
the amount of snow that is transformed to ice would thus amount to about 50 mSv, or about 35%

of the suggested atmospheric freshwater flux onto Antarctic sea ice (Abernathey et al., 2016).

Trends in sea-ice thickness (Figure 2.6a) are highly uncertain but broadly agree among dif-
ferent modeling studies (Massonnet et al., 2013; Zhang, 2014; Holland, 2014). To show that our
results are robust with respect to the less certain trends or short-term variations in sea-ice thick-
ness, we compared our estimated transport trends across the latitude bands (equation 2.3) with a
sensitivity analysis, where we kept the sea-ice thickness constant. The resulting transport trends
across the latitude bands of about 6 mSv per decade in the Atlantic sector and about 411 mSv
per decade in the Pacific sector are still within our estimated uncertainty (Table 2.2). Most of
the sea-ice thickness trends (Figure 2.6a) occur either north (Pacific sector) or south (Atlantic
sector) of the zero freshwater flux line or latitude bands. Thus, the trend in sea-ice thickness does
not considerably affect the northward sea-ice freshwater transport trend. However, the mean sea-
ice thickness uncertainty at the zero freshwater flux line is the largest contributor to the overall

northward sea-ice freshwater transport trend (Table 2.2).

2.2.4 Sea-ice drift

We used the gridded version of the NSIDC (Fowler et al., 2013b, section 2.2.1) sea-ice drift data
set. In the Antarctic, it is based on five passive microwave sensors (Emery et al., 1995, 1997) and
the Advanced Very High Resolution Radiometer (AVHRR; Maslanik et al., 1997) data (Figure
2.8). Two studies validated this data set with buoy data in the Weddell Sea (Schwegmann et al.,
2011, 1989 through 2005) and around East Antarctica (Heil et al., 2001, 1985 to 1997). There is a
very high correlation between the buoy and the satellite data on large temporal and spatial scales,
i.e., monthly and regional, and a strongly reduced agreement on smaller scales, i.e., daily and local
(Heil et al., 2001; Schwegmann et al., 2011). The satellite-derived sea-ice drift underestimates
the sea-ice velocity given by the buoys by 34.5% (Schwegmann et al., 2011), i.e., faster drift
velocities have a larger bias (Sumata et al., 2014). The bias is smaller for the meridional (26.3%)
than for the zonal drift (Schwegmann et al., 2011). We here corrected for these low biases by
multiplying the drift velocity with the correction factor (1.357) that corresponds to the meridional
drift bias (Schwegmann et al., 2011). We argue that the meridional component of the bias is the
better estimate in the central sea-ice region, which is the key region for our results. Here, the drift
is mainly meridional. The larger biases are observed in the swift, mostly zonal drift along the sea-
ice edge causing the larger zonal biases. The spatial dependence of the bias and our correction

imply that larger biases and uncertainties remain in our final product around the sea-ice edge.

We further processed this bias-corrected drift data. First, we removed all data flagged as
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bad in the product. Second, we removed any data with sea-ice concentrations below 50%, closer
than 75 km to the coast (Schwegmann et al., 2011), or with a spurious, exact value of zero. Our
results are not sensitive to this filtering but it reduces the spatial and temporal noise. After these

modifications, about 75% of all grid cells covered by sea ice had an associated drift vector.
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Figure 2.7 Sea-ice drift speed comparison between the NSIDC and Kwok et al. data for
the period 1992 to 2003: (a, b) Low-pass filtered, 21-day running mean, (a) original and (b)
bias-corrected daily meridional NSIDC sea-ice drift speed compared to the low-pass filtered daily
meridional Kwok et al. data. Contours mark the number of grid boxes and the blue line marks the
fitted least squares linear regression line. (c-e) Mean sea-ice drift speed of the (c) original and (d)
bias-corrected NSIDC, and (e) Kwok et al. sea-ice drift speed. Arrows denote the drift vectors. (f)
Root-mean-square differences between the annual mean bias-corrected NSIDC and Kwok et al. sea-
ice drift speed. The thick gray line in c-f marks the mean sea-ice edge (1% sea-ice concentration).
Data points were compared when both data sets were available.

We compared both the original and the bias-corrected data to a partly independent product by
Kwok et al. (1998) and Kwok (2005). We interpolated these data onto our grid using CDO (2015)
distance weighted averaging and applied the same 21-day running mean as for the NSIDC sea-ice
drift data. We compared sea-ice drift vectors whenever both data sets were available and sea-ice
concentrations were larger than 50%. Figure 2.7 shows the meridional drift components prior (a)
and after applying the bias correction factor from the buoy data (b). We find that the agreement
between the two data sets is much higher after the corrections. Compared to the original NSIDC
sea-ice drift data set, the largest improvement occurs in the slope: 1.06 compared to 1.55. Root-
mean-square differences and the linear correlation coefficient remain identical and the absolute

bias is reduced by 0.2 km/day. Correlation coefficients between the two data sets are 0.8 for both
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the zonal and meridional drift component. The spatial patterns of the mean annual sea-ice drift
speed (Figures 2.7c-e) illustrate the improvement in agreement between the two data sets after the
application of the bias correction but confirm that considerable differences remain at the sea-ice
edge. These differences lead to a relatively high root-mean-square difference of the annual mean
sea-ice drift speed in these regions (Figure 2.7f). However, in the central sea-ice packthe region

that is crucial for our resultsthe root-mean-square differences are much smaller.

Our bias-corrected sea-ice drift speeds are typically slightly lower (about 9% to 19%) than
those by Kwok et al. but considerably higher than in the uncorrected NSIDC data (about 26%, see
above). We used these differences between the data sets to estimate the uncertainties induced by
sea-ice drift on the final product (Aw in Tables 2.1 and 2.2): First, we re-computed all fluxes by
correcting the original NSIDC data with correction factors derived from the Kwok et al. data (1.82
or 45% for the zonal drift, and 1.55 or 35% for the meridional drift) instead of the buoy-derived
correction factor. This way, we also accounted for an uncertainty in the drift direction. Then, we
averaged the deviations between our best estimate and the Kwok et al. based estimate with those
between our best estimate and using the uncorrected and unfiltered NSIDC data. Uncertainties
from sea-ice drift in the freshwater fluxes are about 20%. They considerably contribute to the

final freshwater flux uncertainty and our trend uncertainties in all regions.

2.2.5 Sea-ice-ocean freshwater flux

We estimated annual net sea-ice-ocean freshwater fluxes over the period 1982 through 2008 by
calculating the local sea-ice volume change and divergence (Holland and Kwok, 2012; Haumann,
2011). From this, we derived, through a mass balance, the local freshwater fluxes F' (m?® s~1) from
the sea ice to the ocean due to freezing and melting on a daily basis:

F=—Cp, (WJFV-(ACM)). @.1)

The four variables ¢, h, u, and A denote the sea-ice concentration, thickness, drift velocity, and
grid-cell area, respectively. The factor C,, converts the sea-ice volume flux to a freshwater
equivalent (Ohshima et al., 2014):

_ pice(]- - Sice/ssw)

Cruw
d P fw

(2.2)

Here, pice, Sices Ssw» and py,, are sea-ice density (925 kg m~3; Timco and Frederking, 1996),
sea-ice salinity (6 g kg™!; Vancoppenolle et al., 2009), reference seawater salinity (34.7 g kg™ *;
Talley, 2013), and freshwater density (1000 kg m~3), respectively.

Annual sea-ice freshwater fluxes were computed from the daily fluxes from March to Febru-
ary of the next year (i.e., March 1982 to February 2009), which corresponds to the annual freezing
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Table 2.1 Mean and uncertainties of annual sea-ice freshwater fluxes over the period 1982
through 2008
At AA Ac Ah Au  ACy,

Flux[mSvl 1 svl [mSv [mSv [mSv]  [mSv] [mev]
Southern Ocean:
Transport +130 £30 +0 +5 +0 +16 +25 +6
Net open ocean +130 £30 +0 +5 +0 +16 +25 +6
Net coastal ocean —130 £30 +0 +5 +0 +14 +26 +6
Net continental shelf —60 £20 +0 +0 +0 +8 +13 +3
Total melting +460 £100 +37 - +1 +74 +49 +23
Total freezing —410 £110 +37 - +1 +73 +50 +23
Atlantic sector:
Transport +60 +20 +0 +1 +0 +13 +11 +3
Net open ocean +60 £20 +0 +1 +0 +13 +11 +3
Net coastal ocean —50 £20 +0 +1 +0 +14 +9 +3
Net continental shelf —20 £5 +0 +0 +0 +2 +4 +1
Total melting +180 £+40 +13 - +0 +25 +21 +9
Total freezing —160 +40 +13 - +0 +25 +19 +9
Indian Ocean sector:
Transport +10 45 +0 +1 +0 +4 +2 +1
Net open ocean +10 £5 +0 +1 40 +4 +2 +1
Net coastal ocean —10+6 +0 +1 +0 +4 +4 +1
Net continental shelf —10+4 +0 +0 +0 +3 +2 +0
Total melting +70 £30 +7 - +0 +24 +5 +4
Total freezing —70 £30 +7 - +0 +24 +6 +4
Pacific sector:
Transport 460 +20 +0 +2 40 +9 +12 +3
Net open ocean +60 £20 +0 +2 +0 +9 +12 +3
Net coastal ocean —60 £20 +0 +2 +0 +9 +13 +3
Net continental shelf —30 19 +0 +0 +0 +6 +6 +2
Total melting 4200 £50 +17 - +0 +43 +23 +10
Total freezing —180 +60 +17 - +0 +43 +24 +10

Positive numbers indicate a freshwater flux into the ocean or northward transport (1 mSv = 103
m? s~1). The final uncertainty estimate (95% confidence level) stems from the uncertainties in the
filtering of high-frequency temporal noise (At), variations of the zero freshwater flux line (A A),
sea-ice concentration (Ac), sea-ice thickness (Ah), sea-ice drift (Aw), and the freshwater conversion
factor (AC',,), respectively. See Figure 2.11 for definition of regions.

and melting cycle of sea ice in the Southern Ocean (Haumann, 2011). Remaining imbalances be-
tween, e.g., the open and coastal ocean of the Atlantic sector (Tables 2.1 and 2.2) are due to
multi-year sea ice in the coastal region. We performed all calculations on the grid of the sea-ice
drift data (Fowler et al., 2013b) and averaged all data products over three by three grid boxes
resulting in a nominal resolution of 75 km. To obtain the zero freshwater flux contour line, we
averaged the climatological fluxes over nine by nine grid boxes. To estimate melting and freezing
fluxes, we separately summed up positive and negative daily fluxes over a year (Figures 2.4a and
b). As temporal fluctuations accumulate when only adding positive or negative values, noise can

lead to an overestimation of these fluxes. Therefore, each of the sea-ice variables (c, h, and «)
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were low-pass filtered using a 21-day running mean.

Table 2.2 Decadal trends of annual sea-ice freshwater fluxes and their uncertainties over the
period 1982 through 2008

Flux As, At AA Ac Ah Au  ACy,
[mMSv [mSv [mSv [mSv [mSv [mSv [mSv [mSv
dec™!] dec™'] dec™!] dec™'] dec™!] dec'] dec™!] dec™!]

Southern Ocean:

Transport +9+5 +32 £03 +1.1 +0.8 +£3.0 £19 405
Net open ocean +10+5 35 +04 £1.1 08 +£3.0 £2.0 +£05
Net coastal ocean —10 £5 +3.5 +0.2  +£1.1 +0.7 £33 +1.1 +0.5
Net continental shelf -3+2 +1.8 +0.0 +0.0 +0.1 +0.8 +0.1 +0.1
Atlantic sector:

Transport 445 +43 +0.1 +0.7 +0.1 +14 +£0.7 £0.2
Net open ocean —-44+5 +£44 01 +07 £0.1 £14 +07 £0.2
Net coastal ocean +6+6 +5.7 £0.1 +0.7 +0.0 +06 +1.8 +0.3
Net continental shelf +6 +3 +25 00 £00 £00 +06 1.6 +03
Indian Ocean sector:

Transport -1+1 +£13 +00 +02 £01 03 +02 £00
Net open ocean —-1+1 +£13 +00 £02 +01 £03 02 +£0.0
Net coastal ocean -34+2 +09 +0.0 +£0.2 £0.1 +1.1 +0.7 +0.1
Net continental shelf +2 +1 +0.9 +0.1 +0.0 +0.1 +0.3 +0.4 +0.1
Pacific sector:

Transport +144+5 +34 +02 +06 +07 +1.3 £2.8 +0.7
Net open ocean +14+5 +34 +03 +05 +0.7 £1.2 £29 £0.7
Net coastal ocean —13+5 +£36 +02 +05 +06 +19 23 £0.7
Net continental shelf —10 £3 +2.6 +0.1 +0.0 +0.2 +1.2 +1.8 +0.5

Positive numbers indicate a freshwater flux trend into the ocean or a northward transport trend (1
mSv dec ! =102 m3 s! per decade). The final uncertainty estimate (95% confidence level) stems
from the standard error of the slope of the regression line (As,), filtering of high-frequency temporal
noise (At), variations of the zero freshwater flux line (AA), sea-ice concentration (Ac), sea-ice
thickness (Ah), sea-ice drift (Au), and the freshwater conversion factor (AC/,,), respectively. Bold
numbers indicate a significance of at least a 90% confidence level. See Figure 2.11 for definition of
regions.

2.2.6 Sea-ice freshwater transport

The total northward sea-ice volume transport (m® s 1) between the coastal and open ocean region
equals the spatial integral of the divergence term in (equation 2.1) in either of the two regions
(Gauss’s Theorem). We chose the open ocean region since there is considerable zonal exchange
between the Indian Ocean and Atlantic sectors (Figure 2.2a) in the coastal region, influencing the
sector based estimates. In the open ocean, this effect is negligible. We used this approach for the

reported transport estimates (Tables 2.1-2.3 and Figures 2.9a-c).

To demonstrate that our main findings are robust on a basin-scale, and not influenced by small

scale noise and local uncertainties, we also calculated the northward sea-ice freshwater transport
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across the latitude bands 69.5° S in the Atlantic sector and 71° S in the Pacific sector (Figure 2.3).
To this end, we averaged sea-ice concentration, thickness, and meridional drift (¢, h,,, and v,,) in
1° longitude segments (n) along these latitudes and calculated the local freshwater transport 7,
(m?s™1):

T, = Cpu Cn hy Un Al (2.3)

Here Al,, denotes the length of the latitude increment n along the boundary and C'y,, is defined in
(equation 2.2). Both sectors together show an annual northward freshwater transport of 100+30
mSv with an increase of +-8+5 mSv per decade over the period 1982 to 2008 (Figure 2.9d and
Figure 2.3). This compares well with the mean (12030 mSv) and trend (+9+5 mSv per decade)
of our spatially integrated sea-ice-ocean fluxes in the Pacific and Atlantic (Figures 2.9b-c). We
calculated the spatial pattern of the sea-ice freshwater transport f (m? s71) as displayed in Figures
2.2a and c through:

f=Crychil (2.4)

2.2.7 Time-series homogenization

Our analysis and earlier studies (Haumann et al., 2014; Olason and Notz, 2014) revealed major
temporal inhomogeneities in the NSIDC sea-ice drift data set at the transitions between satellite
sensors (Figure 2.8). We argue that these temporal inhomogeneities are linked to the unavail-
ability of the 85/91 GHz channels and sparser data coverage in the earlier years. The drift speed
before 1982 appears underestimated, which is to some extent mitigated by AVHRR data there-
after. From 1982 to 1986, the drift speed is consistent but has a low bias. The drift ramps up in
1987, when the 85 GHz channels became available, and decreases again between 1989 and 1991,
when these channels degraded (Wentz, 1991). A final sudden decrease occurs from 2005 to 2006
when 85 GHz data were not used. We used wind speed data over the sea ice from ERA-Interim
(Dee et al., 2011, section 2.2.1) as an independent data source and scaled it to the sea-ice drift
velocity for comparison (Figures 2.8b). The scaling factor stems from the consistent years in the
period 1988 to 2008 and varies in space and with season (Thorndike and Colony, 1982; Kimura,
2004). This analysis supports our argument that the sea-ice drift speed is underestimated when
the higher resolution 85/91 GHz channels were not available. We note that the meridional drift
seems less sensitive to these inhomogeneities than the total drift, which might be related to a
higher data availability in the central sea-ice pack and is consistent with the lower biases found

in the meridional sea-ice drift.

The spurious increase of the sea-ice velocity would affect our estimated trends if they were
not taken into account (Figures 2.9 and 2.10). Thus, we corrected the annual divergence (equation
2.1) and lateral transport (equations 2.3 and 2.4) for the sensor-related temporal inconsistencies
as follows: We excluded the inconsistent years 1980 and 1981, 1987, 1989 to 1991, 2005, and
2006 from the analysis. To homogenize the years 1982 to 1986 with the years 1988 to 2008, 1.e.,
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Figure 2.8 Temporal inhomogeneities in the NSIDC satellite sea-ice drift data: (a) Annual
mean meridional sea-ice drift speed averaged over the entire sea-ice area (sea-ice concentration
>50%). Thick orange lines: spurious trends due to changes in underlying data; black: data corrected
for inconsistencies and used in this study (1982 to 2008). (b) Low-pass filtered (91-day running
mean) sea-ice drift speed averaged over the entire sea-ice area (sea-ice concentration >50%). Gray:
reduced wind speed from ERA-Interim using a reduction factor from the period 1988 to 2008. (a-b)
In color: uncorrected data for each respective underlying satellite instrument combination; dashed
lines: mean over the respective period; black vertical lines: periods of the same underlying channels.
Text denotes the sensors and the frequency of the microwave radiometer channels used. (¢) Fraction
of sea-ice covered grid boxes with at least one drift vector observation in a 21-day window and a
75 by 75 km grid box using the non-gridded NSIDC drift data. Colors indicate the contribution of
each sensor and channel. (d) Different combinations of instruments and passive microwave sensor
channels and the related periods underlying the NSIDC sea-ice drift data.
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Figure 2.9 Time series and regions of annual northward sea-ice freshwater transport: Trans-
port from the coastal ocean to the open ocean region in the (a) Southern Ocean (b) Atlantic sector
(¢) Pacific sector. (d) Across latitude bands in the Atlantic (69.5° S) and Pacific (71° S) sectors.
Orange: not accounting for inhomogeneities; blue: homogeneous years only; green: homogenized
time series. Corrected or removed years are shaded in gray. Straight lines show the linear regres-
sions for the periods 1982 to 2008 (dashed orange and green), 1982 to 1986 (solid orange), and
1988 to 2008 (homogeneous years only; solid blue).
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remove the spurious trend in 1987, we first calculated linear regression lines prior and after 1987
at each grid point. Then, we added the differences between the end (1986) and start (1988) points
of the regression lines to all years prior to 1987, i.e., assuming a zero change in the year 1987.
Fitting regressions prior and past spurious jumps is a common procedure to homogenize climate
data (Peterson et al., 1998; Aguilar et al., 2003). Here, we used a linear regression that serves the

purpose of computing long-term trends in the time series.
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[m? s per decade] [m yr' per decade]

Figure 2.10 Trends of net annual freshwater fluxes associated with sea ice over the period
1982 through 2008 if temporal inhomogeneities in the sea-ice drift data were not considered:
Linear trends of (a) meridional sea-ice freshwater transport and (b) net sea-ice-ocean freshwater flux
from freezing and melting. Arrows (a) denote the trend of the annual transport vectors. Stippled
trends are significant at the 90% level. Thick black lines: zero sea-ice-ocean freshwater flux line
used to divide the coastal from the open ocean regions; thin black lines: continental shelf (1000-m
isobath); gray lines: sea-ice edge (1% sea-ice concentration); green lines: basin boundaries.

To estimate the sensitivity of the trends in northwards sea-ice freshwater transport to un-
certainties associated with the offset correction before 1987 (orange and green, Figure 2.9), we
performed a Monte Carlo analysis by varying the offset and estimating the resulting trends. We
generated 10 normally distributed offsets around our best guess (about 1945 mSyv for the entire
Southern Ocean; Table 2.3). The standard deviation of this distribution was chosen to match the
offset uncertainty that arises from the root-mean-square errors of the trends in each of the two
time intervals 1982 to 1986 and 1988 to 2008. For each of these generated offsets, we then esti-
mated the trends and their significance (Table 2.3). For both the entire Southern Ocean and the
Pacific sector, all sampled offsets yield a positive northward sea-ice freshwater transport trend.
All trends for the Pacific sector and 92% for the entire Southern Ocean are positive and at the
same time significant. Thus, our trend results are insensitive to uncertainties in the applied ho-
mogenization at the 90% confidence level. The posterior uncertainty shows that the uncertainty
associated with the offset has no noticeable effect on the total uncertainty range, i.e., is smaller

than £1 mSv per decade.
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Table 2.3 Sensitivity of northward sea-ice freshwater transport trend to time periods and
homogenization

Southern Atlantic Indian Pacific
Ocean
Ocean sector sector
sector

19922004
Flux trend [mSv dec '] +449 —12+11 543 42110
1992-2008:
Flux trend [mSv dec™!] +11 48 —549 242 +17 +8
1982-2004:
Flux trend [mSv dec™!] +8 +£5 —645 —1+1 +15 +6
1982-2008:
Flux trend [mSv dec™!] +9 +£5 —4+5 —1=+1 +14 £5
1982-2008
Monte Carlo analysis:
Flux offset
before 1987 [mSv] +19 £5 +13 £7 +3 £2 +4 5
Probability for trend
of same sign [%] 100 92 78 100
Probability for significant
trend of same sign [%] 92 26 9 100

Posterior trend

uncertainty [mSv dec™!] +5 +6 +2 +5
Positive numbers indicate a northward freshwater transport trend (1 mSv dec™! = 103 m? s~ per
decade). Bold numbers indicate a significance of the trend of at least a 90% confidence level.
The Monte Carlo analysis is performed for 10* normally distributed sample offsets. Uncertainties
(95% confidence level) stem from the standard error of the slope of the regression line and the data
uncertainty. See Figure 2.11 for definition of regions.

2.2.8 Uncertainty estimation

Uncertainties of local (grid-point based) fluxes and time scales shorter than one year are probably
large, due to potential inconsistencies between the data sets on such scales and an amplification of
the uncertainties by the spatial and temporal differentiations in (equation 2.1). Integrating these
terms in space and time greatly reduces these uncertainties (Tables 2.1 and 2.2). We estimated
uncertainties in our product that are associated with the underlying input variables ¢, h, and @
by using their observationally constrained range from different data sources, including the ap-
plied corrections and filtering as described in the corresponding sections. Additionally, we used
an averaging period of 31 days, instead of 21 days, and, for trends only, an estimate without a
running-mean filter, to obtain uncertainty estimates associated with temporal noise (At). The
results confirmed that only the annual melting or freezing fluxes, but not the net annual fluxes, are
sensitive to the low-pass filtering as in the latter product the noise is averaged out. The sensitiv-

ity of the spatially integrated values to variations of the zero freshwater flux line is estimated by



60 Chapter 2. Sea-ice transport driving Southern Ocean salinity and its recent trends

varying the smoothing radius from two to six grid boxes (AA). The uncertainty associated with
the constant conversion factor (AC',,; equation 2.2) is about 5% when using a realistic range of
values (Timco and Frederking, 1996; Vancoppenolle et al., 2009; Talley, 2013). For the trends
only, we computed the standard error of the slope from the variance of the residuals around the
regression line (As,; Santer et al., 2000). The total uncertainty for both the climatological mean
and the trends was estimated by calculating the root-mean-square of the individual contributions.
This analysis shows that in the Atlantic and Indian Ocean sectors both the uncertainties in the
climatology and trends (Tables 2.1 and 2.2) are dominated by uncertainties in the sea-ice thick-
ness. In contrast, the uncertainty in sea-ice drift dominates the uncertainty in the Pacific sector.
We tested the significance of the trends with a t-test, accounting for the fact that only 21 out
of 27 years were used and for a lag-one auto-correlation (Santer et al., 2000). To indicate the
significance of the trends at grid-point level (Figures 2.2c-d and Figure 2.10), at which the data
uncertainties are unknown, the local root-mean-square of the variance of the residuals was artifi-
cially increased by 40%, approximately corresponding to our data uncertainty estimate in Table
2.2. The quality of our data directly at the coastline and around the sea-ice edge is reduced due to

the limited quality and quantity of the underlying observations in these regions.

2.2.9 Sea-ice freshwater flux evaluation

A modeling study by Abernathey et al. (2016), carried out in parallel to this study, calculated
freshwater fluxes associated with sea-ice formation, melting, and transport in the Southern Ocean
State Estimate (SOSE). This model assimilates a large amount of observational data and optimizes
surface fluxes. They estimated an annual sea-ice-ocean freshwater flux due to sea-ice formation
of —360 mSv over the entire Southern Ocean, which is within our estimated range of —410+£110
mSv. Moreover, they estimated that the combined annual sea-ice-ocean freshwater flux due to
sea-ice and snow melting is about 500 mSv. Thus, in their estimate a total of 140 mSv of snow
accumulated on the sea ice. Our estimates partly include snow accumulation on sea ice, because
part of the sea-ice thickness results from snow-ice formation, which we estimated to be about
—50 mSv (section 2.2.3). However, the snow layer on top of the sea ice is not included in our
estimate of the freshwater flux due to sea-ice melting of 460+100 mSv. Abernathey et al. (2016)
estimate that the lateral sea-ice freshwater transport from the density class of CDW to AAIW and
SAMW amounts to 200 mSv in the period between 2005 and 2010. Their estimate slightly differs
from our estimated transport from the coastal to the open ocean that ranges between about 140
mSv and 160 mSv in 2007 and 2008 (Figure 2.9). The reasons might be the slightly different

regions and that their estimate also includes the transport of the snow layer on top of the sea ice.

Given the reduced confidence in the local fluxes (e.g. sea-ice production in coastal polynyas),
it is reassuring that our data agree within our estimated range of uncertainty with previous esti-

mates of mean fluxes for some larger coastal polynya regions (Tamura et al., 2008; Ohshima et al.,
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2013). Our confidence is higher for fluxes integrated over larger regions such as the high-latitude
Ross and Weddell Seas (Figure 2.11). Here our estimates are in close agreement with previous

studies as discussed in the following.
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Figure 2.11 Regions used for evaluation of the sea-ice freshwater fluxes: Turquoise shading:
area south of the coastal Ross Sea flux gate (Drucker et al., 2011; Kwok, 2005; Comiso et al.,
2011); dark blue shading: area south of the coastal Weddell Sea flux gate (Drucker et al., 2011);
purple lines: 69.5° S latitude band in the Atlantic sector and 71° S latitude band in the Pacific
sector; black line: smoothed mean zero sea-ice-ocean freshwater flux line dividing the coastal and
open ocean regions; thick gray line: mean sea-ice edge (1% sea-ice concentration); green lines:
basin boundaries.

In the Ross Sea, we estimated that the northward transport from the coastal region across
a flux gate between Land Bay and Cape Adare (turquoise area in Figure 2.11; Kwok, 2005) is
2345 mSy, increasing by about 30% (or +7+4 mSv) per decade in the period 1992 to 2008.
Based on the same passive microwave data but using a different algorithm for retrieving the sea-
ice motion data, Kwok (2005) and Comiso et al. (2011) found a mean sea-ice area flux across this
flux gate of about 10° km? between March and November in the periods 1992 to 2003 (Kwok,
2005) and 1992 and 2008 (Comiso et al., 2011), respectively. Using an approximated mean
sea-ice thickness (0.6 m; Comiso et al., 2011; Drucker et al., 2011) and the conversion factor
(equation 2.2), this corresponds to a mean northward freshwater transport of about 19 mSv. In
close agreement with our estimate, these studies found an increase of 30% per decade (about +-6
mSv per decade). Using sea-ice motion from the Advanced Microwave Scanning Radiometer-
EOS (AMSR-E), Drucker et al. (2011) estimated that the mean sea-ice area flux between April
and October (2003 to 2008) across the same flux gate is about 9.3-10° km? corresponding to a
freshwater transport of about 23 mSv. Based on the same data but using an alternative approach
(Martin et al., 2007), they found that the total sea-ice production in all Ross Sea polynyas together
was about 737 km? between April and October (2003 to 2008), corresponding to a sea-ice-ocean

freshwater flux of —31 mSv. This estimate is similar to the total production of about —3647
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mSv south of the flux gate in our data set, because most of the sea-ice production of this region
occurs in the polynyas (Drucker et al., 2011). Using passive microwave data, the Drucker et al.
(2011) found an increase of the production in the Ross Sea polynyas of 28% per decade between
1992 and 2008. A modeling study by Assmann and Timmermann (2005) found a net annual sea-
ice-ocean freshwater flux due to melting and freezing of —27 mSv on the continental shelf in the
Ross Sea, which is in agreement with our estimate of —23+5 mSv. They also found a long-term
(unquantified, see their Figure 9b) decrease of the net annual sea-ice-ocean freshwater flux over
the Ross Sea continental shelf in the period 1963 to 2000, which is qualitatively in line with our

results.

In the Weddell Sea, the northward sea-ice area flux across a flux gate close to the 1000-m
isobaths (blue area in Figure 2.11) has been found to be 5.2-10° km? based on AMSR-E data
between April and October (2003 to 2008; Drucker et al., 2011). Using an approximated mean
sea-ice thickness (0.75 m; Drucker et al., 2011) and the conversion factor (equation 2.2), this
corresponds to a mean northward freshwater transport of about 16 mSv. This agrees well with
our estimate of an annual northward transport of 16+4 mSv for the same years and the same
region. Similar to the Ross Sea, the production in the major polynyas of the Weddell Sea was
estimated (Drucker et al., 2011). However, in the Weddell Sea, a large fraction of the sea-ice
transported across the flux gate is not produced in the coastal polynyas (Drucker et al., 2011), i.e.,
we cannot directly compare our large-scale estimate to the sea-ice production in the polynyas.
In the same study, based on passive microwave data, Drucker et al. (2011) found a small, but
insignificant long-term decrease of the sea-ice production in the Weddell Sea polynyas between
1992 and 2008, which is qualitatively consistent with our findings in the Atlantic sector. For a
much larger area in the Weddell Sea, a modeling study by Timmermann et al. (2001) estimated an
annual northward sea-ice freshwater transport of about 34 mSv and another observational study
by Harms et al. (2001), mostly based on moorings and wind speed, estimated that this flux is as
large as about 38+15 mSv. These estimates agree well with our finding of an annual northward
freshwater transport of 41£18 mSv across the 69.5° S latitude band, which is approximately their

considered transect.

2.2.10 Sea-ice freshwater transport based on ERA-Interim data

To support our findings, we quantified changes in sea-ice motion induced by changes geostrophic
winds (Thorndike and Colony, 1982; Kottmeier and Sellmann, 1996; Harms et al., 2001; Kimura,
2004) from daily ERA-Interim (Dee et al., 2011) sea-level pressure and surface air temperature
(section 2.2.1). We averaged the data over 1° longitudinal segments along the previously defined
latitude bands (Figure 2.3), computed 21-day running means, and smoothed the data spatially over
7 longitude bins. Then, we calculated the sea-level pressure gradients along the latitude bands and

used these together with the atmospheric surface density to estimate geostrophic winds normal to
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the latitude bands (Thorndike and Colony, 1982; Kottmeier and Sellmann, 1996). From these, we
calculated the sea-ice drift speed using a drift-to-wind-speed ratio of 0.016, derived from drifting
buoys in the central Weddell Sea (Thorndike and Colony, 1982; Kottmeier and Sellmann, 1996).
This parameter is strongly variable in space and time, which is a major uncertainty in the resulting
sea-ice drift. Nevertheless, it provides an average estimate for the mostly free drifting sea ice in

the central Antarctic sea-ice pack (Thorndike and Colony, 1982; Kottmeier and Sellmann, 1996).

The resulting northward sea-ice freshwater transport (equation 2.3) is independent in terms
of the sea-ice drift but not in terms of the sea-ice concentration and thickness. We used anomalies
(at each 1° increment) since the absolute values of the local transport are likely biased by local
influences of ocean currents and sea-ice properties. The resulting total annual anomalies of the
northward sea-ice freshwater transport agree well in terms of variability and long-term trend
with the transport anomalies based on the satellite sea-ice drift (+8 mSv per decade; Figure 2.3).
These estimates do not suffer from the temporal inhomogeneities that we identified in the satellite

sea-ice drift data (section 2.2.7).

2.2.11 Sea-ice contribution to ocean salinity

We determined the evolution of ocean salinity s (g kg~!) in response to a given surface freshwater
flux F (m3 s™!) from a combination of mass and salt balances. The mass balance for a given,

well-mixed ocean surface box of volume V' and density p reads:

de

dt - PQO + waF onuta (25)

where Q;,, and Q,,; (m* s™1) are the volume fluxes of seawater in or out of the box, p;, (kg m~3)

is the respective density. In a steady state, the above equation 2.5 yields:

p'szn IOQout pf'w (26)

The corresponding salt balance reads:

ds

y
Pra

meanm - onutS- (27)
We assumed the same constant source water salinity s;, = sy, and freshwater density py,, as in
equation 2.2, and used a constant reference density (p = 1027 kg m—). Moreover, we used the
formation rate of the modified water mass as the volume flux of seawater out of the surface box
(Qout = Q). Then, substituting equation 2.6 in 2.7 yields:

ds

V=

(PQ — Pfw )st PQS (28)
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In a steady state, this results in an equation that describes the modified salinity s:

PQS - (:OQ - waF)st- (2.9

Using s = sy, + As, where As is the salinity difference between the source and modified water

masses, equation 2.9 reduces to:
F

PfwSsw
As = _p—Q' (2.10)
We used net water-mass transformation rates (() of 29 Sv between CDW and AABW and 13 Sv
between CDW and AAIW/SAMW (Talley, 2013). Figure 2.1a illustrates the results and shows
the zonal mean ocean salinity and density distribution (Ingleby and Huddleston, 2007) for com-

parison.

Assuming that +130£30 mSv of freshwater enter CDW through northward sea-ice fresh-
water transport, the salinity modification (according to equation 2.10) is —0.3340.09 g kgL
The uncertainty includes a +2 Sv uncertainty in the water-mass formation rate. In observations,
the salinity difference between CDW and AAIW and SAMW ranges from about —0.3 to —0.5
g/kg (Talley, 2013). Thus, northward freshwater transport by sea-ice could explain the majority
of the salinity modification, consistent with very recent findings (Abernathey et al., 2016) and a

mixed-layer salinity budget (Ren et al., 2011).

Similarly, we calculated the contribution of —130+30 mSv of freshwater removed from
coastal regions due to northward sea-ice transport to the salinity modification (equation 2.10) be-
tween CDW and AABW, obtaining an increase of +0.154-0.06 g kg~!. The uncertainty includes
a =7 Sv uncertainty in AABW formation. However, observed salinity differences between the
CDW and AABW are generally small or even of opposite sign (Jacobs, 2004). This is the result
of a compensating effect between a sea-ice driven salinification and a freshening from glacial and
atmospheric freshwater. Freshwater fluxes from land ice through basal and iceberg melting are
about +46+6 mSv and +4245 mSy, respectively (Depoorter et al., 2013). Assuming that roughly
60% of the icebergs melt in the coastal regions (Silva et al., 2006), a total of about +70 mSv are
added from the land ice to the coastal ocean, corresponding to a freshening of about —0.08 g kg ™!
or a compensation of the sea-ice freshwater flux of about 55% in AABW. We estimated from the
ERA-Interim atmospheric reanalysis data (Dee et al., 2011) that the net atmospheric freshwater
flux in the coastal region is about +80 mSyv, corresponding to a freshening of about —0.09 g
kg~!. The resulting net salinity change in coastal waters from sea-ice, atmospheric, and land-ice
freshwater fluxes is almost zero (—0.02 g kg~!). Such a compensation of the freshwater fluxes in
coastal regions was noticed previously (Jacobs et al., 1985; Timmermann et al., 2001). We note
that large regional variations of these fluxes have been reported (Meredith et al., 2010; Depoorter
et al., 2013).

To estimate the temporal salinity changes at the surface and in newly formed AAIW and

SAMW, we assumed a constant water-mass formation rate (), and that the freshwater flux and
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ocean salinity consist of a climatological value plus a time-dependent perturbation (F + F’ and
5+ &, respectively). Then, equation 2.8 yields:

/
ds ,

'OVE = pQSgp — wastF — pQ3S — prussw’ — pQs'. (2.11)

As the climatological fluxes are in steady state, the first three terms on the right side in equation

2.11 cancel according to equation 2.9, resulting in:

ds' , ,
va = _pfwsst - st . (212)
We approximated the freshwater-flux perturbation by our estimated trend (F’ = at), and rear-

ranged the terms resulting in a first order linear differential equation:

ds' @ , P fwSswd
— + =5 = ————t. 2.13
at v’ Pi% .13

Integration in time yields an expression for the time-dependent evolution of the salinity perturba-

wYsw V V -
§ = _Prws a(t——+—e 3t). (2.14)

tion:

pQ

To obtain an estimate of the salinity trend at a given time ¢, we substituted equation 2.14 into

2.13: s
45 _ PruSsu® ( ~P 1) 2.15
o 0 e . (2.15)
The equilibrium response of the system, i.e., the long-term trend after several years of perturbation

is:

(2.16)

Using our estimated sea-ice freshwater transport trend of +9+5 mSv per decade and a water-mass
formation rate as above, we obtained an equilibrium freshening rate of —0.023+0.014 g kg™ ! per

decade (green in Figure 2.12b), which is valid for sufficiently large Qt/V .

Figure 2.12b (purple and blue; using equation 2.14) shows that if we assumed that the trend
started in 1982, there would be a delayed response lowering the mean salinity trend estimate de-
pending on V. We thus tested the sensitivity of the trend to 1/, which corresponds to the upper
150 m between the zero sea-ice-ocean freshwater flux line and the Subantarctic Front (Figure
2.12a Orsi et al., 1995), which is the source region of AAIW. The circumpolar V' of about 5-10°
km? results in a mean salinity trend (using equation 2.14) of —0.014+0.008 g kg~! per decade
between 1982 and 2008 (purple). However, AAIW formation does not occur in a circumpolar
belt but mostly in the south-eastern Pacific and south-western Atlantic, i.e., on either side of
Drake Passage (England et al., 1993; Talley, 1996; Sloyan and Rintoul, 2001a; Iudicone et al.,
2007; Hartin et al., 2011). Assuming that most of the water is modified in this region and further
downstream in the South Pacific (England et al., 1993; Iudicone et al., 2007; Hartin et al., 2011),
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Figure 2.12 Contribution of sea-ice freshwater flux trends to ocean salinity: (a) Map showing
the regions used for the estimation of salinity changes due to sea-ice freshwater fluxes. Blue lines:
sector important for AAIW formation (167 E to 23 W); purple line: Subantarctic Front (Orsi et al.,
1995); black line: smoothed mean zero freshwater flux line dividing the coastal and open ocean
regions; thick gray line: mean sea-ice edge (1% sea-ice concentration). (b) Salinity response to a
freshwater flux perturbation using the long-term equilibrium response (green) and using a delayed
response starting in 1982 for a circumpolar reference volume (5 x 106 km?; purple), or for the region
of most AAIW formation (2x10% km?; blue). Dashed lines: respective asymptotic equilibrium
response; black lines: respective current trends; gray shading: approximate observed long-term
trend in AAIW (Wong et al., 1999; Boning et al., 2008; Helm et al., 2010). (c¢) Observed long-
term sea-surface salinity trends. Data from Durack et al. (2012); Durack and Wijffels (2010, http:
/Iwww.cmar.csiro.au/oceanchange; 1950 to 2000)).

we estimated a second, somewhat smaller V' of about 2-10° km? (blue). The sea-ice freshwater
transport trend into this reference volume is about +8+5 mSv per decade (Figures 2.2c-d), re-
sulting in a mean salinity trend (using equation 2.14) of —0.018-+0.010 g kg~! per decade (blue).
Since a certain amount of freshwater is transported eastward, out of this sector (blue), the mean
trend of the delayed response lies somewhere in between the estimates based on the two different

reference volumes (blue and purple).

It is unlikely that the trend started exactly in 1982. Thus, the actual salinity response will fall
between our estimated delayed response and the equilibrium response. For the range of values in
the discussion above, the deviations of the freshening rate due to effects of delay and variations in
reference volume are much smaller than the actual magnitude of the trend itself. We thus conclude
that the overall mean freshening rate of newly formed AAIW and the surface waters advected
northward across the Subantarctic Front into SAMW due to the changes in sea-ice freshwater
transport is about —0.024-0.01 g kg~ per decade (Figure 2.1b).
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