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Abstract: In this study, the moisture sources acting over each sea (Weddell, King Haakon VII, East
Antarctic, Amundsen-Bellingshausen, and Ross-Amundsen) of the Southern Ocean during 1980-2015
are identified with the FLEXPART Lagrangian model and by using two approaches: backward and
forward analyses. Backward analysis provides the moisture sources (positive values of Evaporation
minus Precipitation, E — P > 0), while forward analysis identifies the moisture sinks (E — P < 0).
The most important moisture sources for the austral seas come from midlatitude storm tracks, reaching
a maximum between austral winter and spring. The maximum in moisture sinks, in general, occurs in
austral end-summer/autumn. There is a negative correlation (higher with 2-months lagged) between
moisture sink and sea ice concentration (SIC), indicating that an increase in the moisture sink can
be associated with the decrease in the SIC. This correlation is investigated by focusing on extremes
(high and low) of the moisture sink over the Weddell Sea. Periods of high (low) moisture sinks show
changes in the atmospheric circulation with a consequent positive (negative) temperature anomaly
contributing to decreasing (increasing) the SIC over the Weddell Sea. This study also suggests possible
relationships between the positive (negative) phase of the Southern Annular Mode with the increase
(decrease) in the moisture that travels from the midlatitude sources to the Weddell Sea.

Keywords: moisture sources; moisture sink; Southern Ocean Sea; sea ice concentration;
Lagrangian analysis

1. Introduction

Sea ice is any form of ice found at sea that has originated from the freezing of seawater [1] and
it is one of the climate system components [2]. At the same time that the sea ice is a result of the
interaction of the ocean-atmosphere exchanges, it also causes great influence on the Earth’s climate [3-5].
One example is the sea ice impact on the oceanic surface albedo [6], if the oceanic surface is covered by
water the albedo is about 10-15% [7], while the albedo can range from 44% to 90% [8] when covered by
sea ice. Studies on sea ice, in general, evaluate the extension and/or concentration of the ice.

Around the Antarctic, the sea ice extends to ~19 million km? in September and retracts to
~4 million km? in February [9]. Therefore, from the austral winter to the beginning of spring, the area
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covered by sea ice exceeds the area of continental ice [10]. Different from the Arctic, where a considerable
decrease in sea ice extension has been observed in the last three decades, the global Southern Ocean
showed a moderate increase until 2014 followed by a decline [11,12]. The long-term trend is not
spatially homogeneous since it is positive over the western Ross Sea and negative on the Bellingshausen
and Amundsen seas [13]. Some authors have also indicated a dominant positive trend of the sea ice
concentration in the austral seas [13-16].

Sea ice extension and concentration are not only dependent on seasonality. They respond to
many different interactive processes in the atmosphere and ocean [13,17], large-scale atmospheric
circulation modes [18], as well as the processes associated with climate change [19]. Hobbs et al. [13]
present an overview of some of the processes that change the ice extension and concentration such
as the advection of heat, the horizontal movement of sea ice by wind and ocean currents, and mixed
layer freshwater fluxes such as precipitation. Holland and Kwok [14] found a strong link between
trends in ice concentration and ice motion (or winds) and highlighted that more southerly winds could
increase the ice concentration through either increased transport of ice from the south or through an
atmospheric cooling from the increased advection of cold polar air masses, while more northerly winds
would decrease ice transport and cause atmospheric warming.

For the Weddell Sea (which will be a focus of this study), [20,21] have shown that vigorous
convective mixing, whereby the upward flux of relatively warm deep waters supplied heat, prevents
sea ice formation. Gordon [21] also highlighted that during the negative phase of the Southern Annular
Mode (SAM) there is a northward expansion of cold, dry polar air masses from Antarctica, which
reduces precipitation and increases surface water salinity. It causes a breakdown of the pycnocline,
enabling deep-reaching convection cells that transfer heat from the deep ocean into the surface layer,
resulting in a winter ice-free area. On the other hand, in the case of great moisture supply (precipitation),
stronger ocean stratification is expected (decrease in the mixing), with a consequent decrease in the
ocean heat transport to the surface and a sea ice increase [22]. This line of reasoning also expects
that more precipitation means more snow on sea ice, which further increases the ice cover due to
snow-ice formation.

Recent studies [23,24] have shown that northerly winds toward the Antarctic region, although
transporting moist air, can contribute to the decrease in the sea ice extension and concentration through
energy fluxes (vertical and meridional) as well as the movement of sea ice (e.g., [23]). In the latter
case, the atmospheric circulation forces the reorganization of the sea ice drift, thus leading to more
sea ice convergence (lower sea ice extent) or divergence (higher sea ice extent). Ionita et al. [17]
pointed out that the negative anomalies in the sea ice concentration registered in the 2016 austral
spring were associated with the enhanced poleward advection of warm and moist air, which leads
to strong sea ice melting. Turner et al. [24] associated the sea ice extent and concentration anomalies
of this springtime episode with a series of atmospheric circulation anomalies, from September to
November 2016, such as a deeper Amundsen Sea Low (ASL) in September, which contributed to
greater sea ice retreat than usual in the Weddell Sea, and the amplified planetary waves in October,
which were important for the stronger meridional flow, leading to increase the heat flux poleward.
A similar idea was proposed by [25], who indicated that the 10-meter wind associated with weather
systems is the “chief” thermodynamic and dynamic driver of sea ice variability. However, they do
not provide any information related to the meridional moisture flux associated with the weather
systems. Meehl et al. [12] also studied the sudden Antarctic sea ice retreat in late 2016 using an
atmosphere-only model with a specified convective heating source (to represent intensified convective
activity) in the eastern Indian/western Pacific Ocean. According to Meehl et al. [12], the sea ice retreat
in 2016 can be associated with 3 factors: (1) anomalous atmospheric Rossby wave with a consequent
teleconnection pattern around the Antarctic, and warm-moist southward surface winds promoting sea
ice convergence, (2) warmer surface water transported southward, and (3) low frequency (decadal)
signal of negative wind stress trends superimposed by the positive trend of the SAM and the negative
phase of Interdecadal Pacific Oscillation forced upward movement of subsurface warmer water.
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Although the teleconnection patterns appear to be important for the Southern Oceans ice retreat
in spring 2016, there are climatological studies indicating that the large scale modes do not explain
a large part of the sea ice variability over the whole Southern Ocean [26]. Only certain sectors of
this ocean respond to different atmospheric modes [18]. Raphael and Hobbs [18] emphasize that the
atmosphere-cryosphere relationship has both an immediate and a time-lagged response. The immediate
response is due to the horizontal advection and vertical fluxes of energy that affect sea ice, while the
time-lagged response is related to the influence of the atmosphere on the ocean, and this, through
heating/cooling, would later affect the increase/decrease in the ice. For example, [27] observed that the
enhancement of the zonal winds in South Pacific high latitudes during springtime allows an earlier
melt of the ice in the western Ross Sea, with a consequent increase in the absorption of solar radiation
by the ocean and reduced ice cover the next autumn.

Many investigations of the sea ice around the Antarctic analyze the austral seas individually [6,18].
For example, sea ice in the Weddell Sea (eastern Antarctic Peninsula) is perennial, which is a result of
the convergence of sea ice due to the Ekman transport associated with the Weddell Gyre [28]. Some
authors [14,29,30] associated the ASL impacts on the sea ice in the Weddell Sea through the near-surface
winds: north winds generally contribute to positive temperature anomalies and decreases in the sea
ice concentration.

Among the multiple atmospheric and oceanic drivers controlling the sea ice variability, little
attention has been paid to the moisture transport from the extratropics to the Southern Ocean [23,31,32],
a mechanism proposed to have an important role in the Arctic atmospheric hydrological system
e.g., [33,34], with implications for the Arctic Sea ice extension. Indeed, atmospheric moisture transport
is a primary source of water in polar regions, and, according to [23], through the cloud radiative forcing,
it directly or indirectly affects the snow, sea ice, and ice sheet. For the first time, a study presents the
climatology (for the period 1980-2015) of the main moisture sources for the Southern Ocean seas using
a Lagrangian approach [35,36]. Moreover, it focuses on the relationships of the transported moisture
with sea ice concentration.

2. Methodology

2.1. Data and Area of Study

As previously established, one aim of this study is to find the relationship between moisture
transport and sea ice concentration (SIC) over each of the austral seas. According to the National Snow
& Ice Data Center [37], SIC is a unitless term describing the relative amount of area covered by ice,
compared to a specific reference area, and it is typically reported as a percentage (0 to 100), a fraction
(0 to 1), or sometimes in tenths (0/10 to 10/10). In these scales, 0 means that there is no ice, while a
reference area completely ice-covered is represented by 1 (or 10/10 or 100). The period of study is 1980
to 2015, and the SIC is obtained from satellite using the Special Sensor Microwave/Imager (SSM/I) and
Special Sensor Microwave Imager and Sounder (SSMIS) sensors on the U.S. Department of Defense
Meteorological Satellite Program (DMSP) platforms. These data are processed by the National Snow
and ICE Data Center from NOAA/NSIDC Climate Data Record (CDR) [38], having monthly frequency
on a 0.25° regular horizontal resolution.

ERA-Interim reanalysis from European Centre for Medium-Range Weather Forecasts (ECMWE, [39]),
which is considered the state-of-the-art reanalysis in terms of the hydrological cycle [40,41], is used for
the moisture sources identification and other analyses.

The moisture sources identification for austral seas focuses on specific areas (which are defined in
Section 2.3) of each sea around the Antarctic (Figure 1). The domains defining each sea follows [18] and
they are only used as geographic referential. Raphael and Hobbs [18] used the standard deviation of
sea ice extension to specify the boundaries of the austral seas as: King Haakon VII (16° E-69° E), East
Antarctic (70° E-162° E), Ross/Amundsen (163° E-110° W), Amundsen/Bellingshausen (109° W-68° W),
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and Weddell (67° W-15° E). Here, for brevity, we will call the seas Ross/Amundsen “Ross”,
Amundsen/Bellingshausen “Amundsen”, and King Haakon VII “King”.
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Figure 1. Topography (shaded in grayscale, m), ocean depth (shaded in blue scale, m), and boundaries
of the austral seas around Antarctica following [18].

2.2. Lagrangian Approach for Moisture Transport Identification

The moisture transport calculation is based on the method developed by Sthol et al. [35,42],
which uses the Lagrangian FLEXible PARTicle dispersion model (FLEXPART, [36]). FLEXPLART
was originally developed to study the transport of particles, but during recent decades, it has
been successfully used to analyze moisture transport [43]. The input data to the FLEXPART is the
ERA-Interim reanalysis [39] with 61 vertical levels (top of the atmosphere located at 0.1 hPa) and
interpolated to the 1° of horizontal resolution every 6 hours (at 00, 06, 12 and 18 UTC). Due to the
importance of temporal resolution for the accuracy of the calculation performed by FLEXPART [36],
intermediate 3h-forecast data from ECMWE are also used.

In FLEXPART, finite elements of volume with equal mass (hereafter “particles”) are homogeneously
distributed across the atmosphere. It means that the number of “particles” is proportional to the air
density, and hence more “particles” are initially near the surface. The forward (or backward) trajectories
are then calculated using a 3D wind field (zonal, meridional and vertical components). The particles
selected over each area of study form part of a global experiment in which a total of around 2 million
particles were globally distributed and moved for the period 1980-2015. This global experiment was
previously used in many analyses over different areas eg., [44-48] including Antarctica [32,49].

Once the particles and their trajectories are selected over an area of interest, the methodology
developed by [35,36] is applied. In the backward mode, the trajectories of the particles indicate the
sources of moisture for a given area. The forward option computes the moisture transported from the
sources into each target region (which helps to compute the moisture that forms precipitation and are
called sink regions—see Section 2.4). In this study, we use both options.

For each particle along its trajectory, the latitude, longitude, altitude, and specific humidity (q) are
recorded according to the temporal resolution of the input data. The changes in moisture for each
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particle through the difference between the evaporation (e) and precipitation (p) are calculated for
every time step. These changes in time along the individual trajectories are given by:

d
(e=p) =m=] 1)

where (e — p), indicates the rate of increase (e > p) or decrease (e < p) in moisture along the trajectory of
each particle k and m is the mass of each particle. Adding the e — p in an atmospheric column over a
given area (A) for all the tracked particles residing in it, the surface freshwater flux (E-P) associated
with those particles is:

25:1 (6 - p)k (2)
A
where the water budget is calculated for all K particles that reside above the area A. According to [43],
this methodology allows us to identify the evaporative source and sink regions for a given area (see [43]
for a review on the advantages/disadvantages of different techniques to estimate moisture sources).
Although the Lagrangian techniques are based on the estimation of the E — P budget, they have been
also used extensively in dozens of papers with great success for the precipitation estimation through the
humidity coming from the source to the target regions for global [50,51] or regional studies [45,52,53].

E-P=

2.3. Backward Trajectories: Identification of the Moisture Sources for the Southern Ocean Seas

As an initial step, moisture sources for the five individual Southern Ocean seas are identified using
the backward trajectories. Only the areas covered by the SIC equal or greater than 0.1 (10%) are used
as the target area inside every austral sea. These target areas vary monthly due to the SIC annual cycle
(and other variabilities that cause changes in the SIC). With this in mind, all particles residing over
each sea (the target regions) are tracked backward in time over 10 days to assess where the particles
gain moisture. The period of tracking is limited to 10 days since it is the average residence time of
water vapor in the atmosphere [54]. The total atmospheric moisture budget (E — P) integrated over
the 10 days of tracking (i10) and averaged over the period of interest (annual or seasonal), hereafter
named (E — P)i10, shows where the particles acquired or lost moisture before reaching the target areas.
Where (E — P)il0 > 0, the air parcels over that area gain moisture from the surrounding environment
(through evaporation from the surface to the atmosphere and also in the atmosphere due to changes in
the water phase such as rain evaporating as it falls into a dry layer). Therefore, the moisture sources
are characterized by (E — P)i10 > 0. Annual and seasonal sources are selected, considering austral
seasons: summer as December-January-February (DJF), autumn as March-April-May (MAM), winter
as June-July-August (JJA), and spring as September-October-November (SON).

2.4. Forward Trajectories: Main Moisture Sinks in the Southern Ocean Seas

In order to investigate the total moisture contribution over every austral sea, the moisture sources
are defined taking into account the 75th percentile of the (E — P)i10 > 0 annual mean value (and it is
considered a threshold). The areas with moisture ((E — P)i10 > 0) greater than this value (black contours
in Figure 2) are used as the initial regions for the forward tracking. From these areas, the particles are
tracked forward for 10 days and where (E — P)i10 < 0, they lose moisture (i.e., through precipitation
and changes in the water phase) characterizing the moisture sink.

Although the area of the SIC greater than a threshold varies monthly, the moisture contribution
may affect the sea ice in different ways, leading to its formation or melting. For this reason, it is
interesting not only to analyze the contribution over the total sea ice covered areas (SIC value equal
to 1). In addition, since we are also interested in understanding the SIC, target areas in the forward
analysis are represented by the annual maximum region with SIC values equal or greater than 0.1,
which occur in September (blue areas in Figure 2). Therefore, for each sea, the SIC seasonality is
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investigated in the same target area over the year. In the results section, the values of the moisture sink
are multiplied by -1 to facilitate interpretation.
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Figure 2. Annual climatology of 10 days integrated (E — P)i10 > 0 values (mm day‘l) for the period
1980-2015 determined from the backward tracking. Shaded (scales in the bottom) represents moisture
sources and the black lines mark the threshold of the 75th percentiles of (E — P)i10 > 0 for each individual
sea - being (a) Weddell, (b) King, (c) East Antarctica, (d) Amundsen and (e) Ross, blue indicates the
target area on the forward analysis, i.e., the area with SIC values equal or greater than 0.1 for September.
Note that the color scale for the Amundsen Sea differs from that for the other seas.

2.5. Moisture Sink and Sea Ice Concentration

The relationships between the moisture sink and the SIC are explored through the climatological
annual cycle, trends, and the Pearson correlation coefficient (with and without month-lag). Details
about the lag-correlation method are in Section 3.2. Additional analysis is carried out for the Weddell
Sea, where previous studies have proposed different mechanisms for SIC variability [20-22]. For this
sea, the periods with low and high SIC are identified (and considered to be extreme events), using
percentiles of 20% (P20) and 80% (P80), respectively, and the relationship with the moisture sink
is discussed. These percentiles are obtained from the monthly moisture sink (i.e., (E — P)il0 < 0)
anomalies, i.e., monthly values minus the mean annual cycle. Moreover, the month with the highest
frequency of P80 (P20) moisture sink events is selected to evaluate the atmospheric and SIC patterns
through composites. Possible connections of the moisture sink and SAM are also investigated using
the monthly teleconnection index provided by the Climate Prediction Center (NOAA) and available
on https://www.cpc.ncep.noaa.gov/products/precip/CWIlink/daily_ao_index/aao/monthly.aao.index.
b79.current.ascii.
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3. Results
3.1. Main Features of the Moisture Sources

Backward Analysis: Identification of Moisture Sources for the Southern Ocean Seas

Figure 2 shows the annual climatology of the moisture sources for each austral sea, i.e., the regions
presenting the atmospheric water budget values greater than zero ((E — P)i10 > 0) considering 10 days
backward integration. The main moisture sources are located over the extratropical latitudes, in general,
north-westward of the target areas. Therefore, the moisture sources are linked to the preferential path
of the storm tracks, which is from west to east during all months of the year [31,55,56]. These sources
are coherent with a number of case studies. For example, [31] showed that the strong cyclones are
responsible for moisture transport toward Antarctica exceeding the mean values, with higher transport
to East Antarctica and the Amundsen-Bellingshausen seas.

According to Figure 2, the Weddell, Ross, and Amundsen seas have two moisture sources, while
King and East Antarctica have only one. The Weddell Sea receives moisture from the Pacific (PAC)
and Atlantic (ATL) Oceans, the Amundsen’s moisture sources are from PAC and southern Australia
(SAUS), the Ross receives moisture from the Indian Ocean (IND) and SAUS, the King’s moisture
sources are from ATL, and the East Antarctica’s from IND (Figure 2). It is interesting to note that for
the Weddell and King Seas (Figure 2a,b) there is a weak moisture source poleward of the target area
(and for this reason they are not included in the following analysis), which is likely related to katabatic
winds. Most of the moisture sources are more intense during austral winter-spring and weaken during
autumn-summer (figures not shown). The seasonality is weaker and less evident for moisture coming
from the Pacific to the Amundsen Sea.

The annual cycle of the moisture sources (i.e., the moisture contribution from the source into the
overlying atmosphere) is obtained as the average over the area delimited by the annual 75th percentile
(black lines in Figure 2) of the monthly values of (E — P)i10 > 0. In Figure 3, the annual cycle of the
moisture sources of the Ross SAUS, the King ATL, and the East Antarctica IND are characterized by
strong seasonality, presenting higher values between July—October and lower ones from January-March.
Comparatively, from July—October greater intensity of the moisture sources is noted in the King ATL
due to both more intense values and larger areas of the sources as shown in Figure 2. The other
moisture sources (the Weddell PAC-ATL and Ross IND), although with peaks during May—October,
present weak seasonality, while the two moisture sources from Amundsen are the weakest and are
almost constant over the year (Figure 3).

Annual Cycle

2 —e—=Ross IND : :

—e—Ross SAUS
Weddell ATL

1.5 | —=Weddell PAC i
Amundsen PAC

~e-Amundsen SAUS /‘\
King ATL

EA IND

E-P>0 (mm/day)

Figure 3. Annual cycle of the 10 days integrated (E — P)i10 > 0 values over the moisture sources (black
line in Figure 2) for each austral sea for the period 1980-2015. In the legend, the name of each austral
sea is followed by the name of the respective moisture source. Note: the mean values are obtained over
the area delimited by the annual 75th percentile (black line in Figure 2).
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The boxplot of the mean monthly moisture sources from 1980 to 2015 is shown in Figure 4.
King ATL, East Antarctica IND, and Ross IND present a higher spread of the monthly values (larger
differences between 25th and 75th percentiles), while Amundsen SAUS and PAC the lower spread.
Figure 4 further shows the great presence of extreme events in the moisture sources in most of the
areas, with slightly higher frequency in King ATL. The Weddell ATL and Ross IND have a higher
occurrence of outliers compared with the other sources.

3.5 \ \ \
box central mark = median
box edges = 25th and 75th percentiles ‘
3 - + whiskers =most extreme data points -
+ + + = outliers
i + |
25 ’ % + T 7
— I + + ‘
> t +
@© -
7 . ; | T
o | | | . |
o 1.5+ B
A
L
1 - -
+
O .5 7 | % |
oF £ | 1

\ \ \ \ \ \ \
Ros IND Ros SAUS Wed ATL Wed PAC Amd PAC Amd SAUS King ATL EA IND

Figure 4. Boxplot of the monthly mean moisture sources ((E — P)i10 > 0 in mm/day) for the period
1980-2015. The central red mark indicates the median, blue boxes are the 25th and 75th percentiles,
black bars (whiskers) extend to the most extreme data points not considered outliers, and the outliers
are plotted individually using the ‘+” symbol. Note: the mean values are obtained over the area
delimited by the annual 75th percentile (black line in Figure 2).

3.2. Forward Analysis: Relationships Between the Moisture Sink and the SIC

In the analysis of moisture sinks, for all seas with two moisture sources, the time series are added
(for example, for the Ross Sea we added the IND and SAUS moisture sinks to obtain only one time
series). Figure 5 shows the annual cycle of the moisture sink (moisture arriving in the target areas from
source), obtained from forward trajectories ((E — P)il0 < 0), over the maximum annual area with sea ice
concentration equal or greater than 0.1, which occurs in September (blue area in Figure 2). To facilitate
the interpretation of the results, the moisture sink values are multiplied by —1. The moisture sink annual
cycles have different patterns from those of the moisture sources (Figure 3), where the oceans have
maxima from July to October. For the moisture sinks, the annual cycles are relatively flat over much
of the year, presenting weak peaks as a function of the sea. The Weddell, King, and East Antarctica
seas have a weak maximum from February to April (Figure 5a—c), while in the Ross Sea (Figure 5e)
it is displaced to April-June, and in the Amundsen Sea to August (Figure 5d). On the other hand,
the minimum amount of the moisture sink occurs from September to December (Figure 5). In terms
of the average, the moisture sink is higher and lower, respectively, in the Amundsen and Weddell
seas. These annual cycle shapes of the moisture sink, with the maximum at the end-summer/autumn
and the minimum in spring-begin/summer, are similar to those in the Arctic [34]. As moisture sinks
over the target areas are mainly associated with precipitation, we can compare it with precipitation
climatology over the Southern Ocean. In this context, the slight maximum of the moisture sink in
the austral autumn in most of the austral seas (Figure 5) agrees with the precipitation climatology
southward of 67.5° S [57]. Considering more regional comparisons, the relatively weak seasonality of
the moisture sink in East Antarctica (Figure 5c), with a slight peak in the austral autumn months, is in
agreement with observations of rainfall in the Macquarie Island located in this sea [58]. The maximum
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of the moisture sink between winter and spring in the Amundsen Sea (Figure 5d) is also observed in
the rainfall at the Rothera station located in the Antarctica Peninsula on the border of the Amundsen
Sea [59].

a ) Weddell Sea r=-0.88 d ) Amundsen Sea r=0.22
1 1

mm/day
Sea Ice Concentration

Months
b) King Haakon VIl Sea r=-0.97
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. . . . . . . . . . . . -1
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Figure 5. Annual cycle of the SIC (green line) and moisture sink (mm day~! multiplied by -1, blue line)
in each austral sea: (a) Weddell, (b) King Haakon VII, (c) East Antarctica, (d) Amundsen, and (e) Ross.
The error bars show the standard deviation (o) of the monthly means.

The moisture sink presents strong interannual variability, as measured by the standard deviation
of the monthly values, in most of the seas (Figure 5). Moreover, the interannual variability of the
moisture sink is higher over all months of the year in the Weddell, King and East Antartic and weaker
in the Amundsen and Ross seas.

Comparing the annual cycles of the moisture sink with those of the SIC, in general, there is an
inverse pattern: the maximum SIC occurs when the moisture sink is weaker (Figure 5). This behavior
is reflected in the negative and high values (from —0.54 to —0.97) of correlation coefficients (top of
Figure 5) in most of the seas, except the Amundsen Sea (0.22). In other words, the moisture seems to
make a negative contribution to the SIC over the blue area displayed in Figure 2. This result is similar
to [34] for the Arctic region and the case study performed by [23,24] for the austral seas. Figure 5 further
shows that the SIC in the Weddell Sea has stronger interannual variability (as shown by standard
deviation bars) from January-June, and equally large variability is observed in the Amundsen Sea
throughout the year. For the Weddell Sea, the higher interannual variability of the SIC is observed in
the period of the greater moisture sink, while in the Amundsen Sea it occurs in the periods of both
higher and lower moisture sink. The King and East Antarctic seas register greater SIC interannual
variability in the months of minimum moisture supply (July-December). A more complicated pattern
is noted in the Ross and Amundsen seas where the SIC interannual variability is greater, respectively,
from May-October and July-December.
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For a better understanding the relationship between the SIC and the moisture sink, the Pearson
correlation coefficient is computed considering different time lags (months), i.e., the monthly mean
moisture sink time series are fixed in time, and the SIC are displaced from 1 until 6 months ahead
(Table 1). The correlations are calculated for the time series of the anomaly, i.e., the mean annual cycle
is subtracted from the time series. The p-value (x = 0.05) is also calculated as an indication of the
statistical significance of the correlations. According to Table 1, the higher negative and statistically
significant correlations occur at a 2-month lag, except for the 4-month lag in the Ross Sea.

Table 1. Lagged correlation coefficients between the anomalous (without annual cycle) time series of
the moisture sink ((E — P)il0 < 0, but multiplied by -1) for each austral sea and the SIC. For example,
lag-0 (0 month lag) uses the moisture sink and the SIC from January, lag-1 (1-month lag) uses the
moisture sink from January and the SIC from February, and so on. Statistically significant values
(p-value < 0.05) are in bold. The strongest correlation obtained in each austral sea is highlighted in gray.

King Haakon  East Antarctica

Lags Weddell Sea VII Sea Sea Amundsen Sea Ross Sea
lag-0 -0.092 0.060 -0.070 -0.031 0.075
lag-1 —-0.198 —0.035 —-0.112 —-0.176 -0.008
lag-2 —0.311 —-0.127 —-0.212 —0.281 -0.121
lag-3 —-0.240 —-0.086 -0.107 —0.126 —0.141
lag-4 —0.168 —-0.062 —-0.126 —-0.088 —0.166
lag-5 —-0.084 —-0.045 -0.025 -0.077 —-0.105
lag-6 —-0.045 0.018 -0.027 -0.056 -0.056

For the time series including all months of the year, Figure 6 presents the correlation maps
(correlations between the anomalous moisture sinks and the SIC in each sea, which were merged to
provide only one map) for the lags from 0 to 5 months. Only the statistically significant values are
shown. For this reason, in general, there is no information near the Antarctic coastline. As expected
from Table 1, the negative correlations are dominant in almost all austral seas, and they are higher
(in absolute value) in the northern sector of the sea ice edges. Considering the time lags, negative
correlations increase (in absolute value) from lag-0 to lag-2, decreasing afterwards. At lag-2 the more
intense negative correlations expand in the north-south direction covering a larger area compared to
the other lags. Figure 6 also reveals a weaker but persistent positive correlation, from lag-0 to lag-2,
between the moisture sink and the SIC over the northern limit of the Ross Sea.

The trends of the monthly moisture sink in each austral sea and the SIC are also evaluated. For this
reason, the slope of the time series is computed using Sen’s formulation [60], while its 95% statistical
confidence level is provided by the nonparametric test from Man Kendall [61-63]. The trends are listed
in Table 2, where statistically significant values are highlighted in bold. The monthly moisture sink
over the Weddell and King seas presents a positive trend, which is statistically significant only in the
Weddell Sea. On the other seas, the trend is negative, and they are not statistically significant. On the
other hand, there is a positive and statistically significant trend of the SIC in most austral seas, except
in the Amundsen Sea, which presents a negative trend in agreement with [13]. The positive trend in
the SIC is also documented in several studies [64-66].
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Figure 6. Spatial pattern of the lagged correlation coefficients between the anomalies in each austral
sea of the moisture sink ((E — P)il0 < 0, but multiplied by -1) in January using (a) the SIC from January
for lag-0 (0 month lag), (b) the SIC from February for lag-1 (1-month lag), (c) the SIC from March for
lag-2 (2 month lag), (d) the SIC from April for lag-3 (3 month lag), (e) the SIC from May for lag-4
(4 month lag), (f) the SIC from June for lag-5 (5 month lag). Only the statistically significant values
(p-value < 0.05) are shown in the panels.

Table 2. Trend of the mean monthly moisture sink and the SIC for each austral sea obtained with the
non-parametric test from Mann-Kendall with Sen’s slope. Statistically significant values at the level of
95% are highlighted in bold.

Austral Seas Moisture SIC
Weddell 0.0004 0.0014
King Haakon VII 0.0014 0.0015
East Antarctica -0.0004 0.0016
Amundsen —-0.0006 —0.0012
Ross 0 0.0016

3.3. Extremes in the Moisture Sink for the Weddell Sea and the SIC

For the Weddell Sea, Figure 7a presents the area occupied for SIC values exceeding 0.4 for four
different months: March, April, June, and September since, according to Figure 5a, the SIC has its
minimum and maximum, respectively, in March and September. Higher SIC values occupy larger and
smaller areas, respectively, in September and March (Figure 7a).
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Figure 7. For the period 1980-2015: (a) the climatology of the area occupied for SIC values (from
NOAA/NSIDC) exceeding 0.4 for four different months: March, April, June and September and (b) sea
level pressure (hPa, shaded) and wind at 1000 hPa (m/s with scale in the bottom) from ERA-Interim
and (c) difference between the climatology of September and March of sea level pressure and winds at
1000 hPa.

According to [29], much of the SIC and its variability in the Weddell Sea are modulated by changes
in the depth and location of the ASL, which is the deepest of the three pressure centers observed
around Antarctica (Figure 7b). The ASL is located in the Pacific sector of the Southern Ocean, which
includes the Ross, Amundsen, and Bellingshausen seas, over the latitude band 60°-70° S. Over this
region, Figure 7c indicates that ASL and northerly winds are stronger in September compared to March,
while in the Weddell Sea the presence of anomalous low pressure limited to the north by anomalous
high pressure is also registered.

Earlier studies focusing on Weddell Sea [20,21] indicated that a higher moisture sink (precipitation
that reaches the surface) leads to stronger ocean stratification, reducing the heat transport from the
deep ocean to the surface with a consequent increase in the sea ice. On the other hand, [12,23,24] have
shown that the moisture sink may be associated with northerly winds transporting warm air from
lower latitudes to Antarctica, and, consequently, reducing the sea ice concentration and coverage.
Therefore, the knowledge of the forcings associated with changes in the SIC over the Weddell Sea helps
us to understand the sea ice feedback on the climate, with consequent impacts on oceanic water and
circulation. In this context, for the Weddell Sea, we investigated the atmospheric patterns associated
with low (P20) and high (P80) values of the moisture sink (or precipitation) affecting the SIC.

For the Weddell Sea, Figure 8 presents the time series of the anomaly of the moisture sink together
with the annual frequency and intensity of the extreme moisture sink events (P80 and P20). For a
moisture sink with an annual mean value of the ~1.4 mm/day (Figure 5a), the time series of the monthly
anomaly (from —0.22 to +0.35 mm/day) indicates strong variability (Figure 8a). In absolute values,
the positive anomalies are greater than the negative ones. The frequency of events higher than P80 is
increasing with time, while it is decreasing for events lower than P20 (Figure 8b,d). Only the negative
linear trend has statistical significance (« = 0.05). In terms of intensity (Figure 8c,e), events higher than
P80 are becoming more intense, and the trend is statistically significant (Figure 8c), while there is no
statistical significance for the weakening of the events lower than P20.

We selected the events (months) identified with the percentile method to perform composites
of the SIC and atmospheric variables in order to analyze the effect of the moisture sink on the SIC.
We also separated the events into two periods: from June to November (maximum SIC), and from
December to May (minimum SIC) and considering the lags 0, 1 and 2 months (Figure 9). Events
exceeding P80 contribute to the SIC decrease in both periods of the year, while the events lower than
P20 are associated with an increase in the SIC (Figure 9).



Atmosphere 2019, 10, 627

Here we present the possible relationships between the SAM and the anomalous moisture sink by
calculating the frequency of months with P20 and P80 occurring in each phase (Table 3). P20 months
usually occur during the negative SAM, with 65% (78%) of events in the period from December-May
(June-November). P80 moisture sink events usually occur in the SAM positive phase, reaching 79%

(64%) from December-May (June-November).
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Table 3. Total and relative frequencies (values in parenthesis) of the number of months with P20 and
P80 moisture sink events occurring in each phase of the SAM. The highest values are highlighted

in bold.
Southern Annular Mode (SAM)
Periods
SAM + SAM -
P20 December-May 16 (35%) 30 (65%)
P20 June-November 9 (22%) 31 (78%)
P80 December—-May 33 (79%) 9 (21%)
P80 June-November 28 (64%) 16 (36%)
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Figure 8. Time series of moisture sink (mean value over the blue area in Figure 2 multiplied by —1) for
the Weddell Sea: (a) monthly anomaly (mm/day), (b,c) annual frequency and intensity (mm/day) of the
moisture sink anomaly exceeding P80, (d,e) annual frequency and intensity (mm/day) of the moisture

sink anomaly lower than P20.
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Figure 9. Composite anomalies of SIC for the high (P80, top) and low (P20, bottom) extreme events
of the moisture sink for the lags 0 (a,d,g,j), 1 (b,e,h k) and 2 (c,f,i,1) months. The composites are also
separated by periods of maximum (June-November) and minimum (December-May) SIC.

For a more detailed analysis of the influence of the moisture sink on the SIC, the month of the year
that presented the highest frequency of P80 and P20 is selected. September and April, with 10 events
each, represent the months with the highest occurrences, respectively, of P80 and P20. Figure 10
confirms the results of Figures 6 and 9, i.e., the increase (decrease) in the moisture sink is associated
with the SIC decrease (increase). In addition, the reduction of the SIC is considerable and occupies a
larger area two months after the month of a high moisture sink (P80) (Figure 10). A quasi opposite
change in the SIC occurs during a low moisture sink (P20).
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Figure 10. Composite anomalies of SIC for high (P80, top) and low (P20, bottom) monthly extremes
of the moisture sink (vide text to more details) over the Weddel Sea for the lags-0 (0 month lag) (a,d),
lag-1 (1 month lag) (b,e) and lag-2 (2 months lag) (c,f) months. Top panel uses the moisture sink from
September and the SIC from September, October, and November for, respectively, lag-0, lag-1, and lag-2.
Bottom panel uses the moisture sink from April and the SIC from April, May and June for, respectively,
lag-0, lag-1, and lag-2.

Figure 5 indicated that in most of the austral seas the periods with a higher moisture sink coincide
with a minimum in the SIC. For the Weddell Sea, larger interannual variability of SIC, as measured by
the standard deviation (Figure 6a), occurs when the moisture sink is greater. In order to understand
this question, the composites of the atmospheric variables and their anomalies (differences between
composites and the climatology for the period 1980-2015) are calculated.

In September climatology, the southerly winds flow from the Weddell Sea to the midlatitudes
(Figure 7b). However, for periods of high moisture sink (P80) the anomaly presents an inverse pattern
in the atmospheric circulation, i.e., the air flows from the extratropics to the Weddell Sea (Figure 11).
This anomalous circulation acts by transporting warm air from midlatitudes to the Weddell Sea, which
negatively affects the SIC, even in the presence of extreme precipitation. As a result of the anomalous
circulation, a warm (cold) air bubble develops over the Weddell Sea (to the west), being more intense
in September (lag-0). In the midlatitudes, the anomalous sea level pressure field shows strong low
(ASL intensified) and high pressures centers, respectively, westward and eastward of the Weddell Sea.
These changes in the atmospheric circulation are more intense in September (lag-0 month), weakening
in the following two months (Figure 11) when the SIC is decreasing (Figure 10a—c). In addition,
in Figure 11d—f an anomalous convergence at low levels (1000 hPa) over the Weddell Sea is noted,
indicating that the changes in the atmospheric circulation can reduce the movement (drift) of the sea
ice, as mentioned by [10], and/or drive ice toward the south with the warm air advection [12]. This
hinders the occurrence of the polynyas (free areas of ice), which are important to generate new sea ice
and impact the SIC (later in this section more details about polynyas will be provided).
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Figure 11. (a—c) Air temperature (°C) and horizontal wind (vectors with scale in the bottom, m s at
1000 hPa, (c—e) sea level pressure (hPa) and 1000 hPa wind divergence (x107% 571 with positive/negative
values in black/gray lines) anomalies for high moisture sink composites (P80) in September (lag-0) (a,d),
October (lag-1) (b,e) November (lag-2) (c,f).

Table 3 indicated a preference for high moisture sink events (P80) in the SAM positive phase.
However, this phase is observed in only 50% of the months used in the composites in Figure 11. This
explains, at least in part, why the anomalous sea level pressure pattern (Figure 11d—f) does not exactly
resemble the SAM positive phase (i.e., negative anomalies of pressure around Antarctica). However,
Figure 11d highlights a strong negative anomaly of pressure from the Ross Sea to the Antarctica
Peninsula, which indicates the ASL intensification. The combination of stronger ASL westward and
of the high-pressure anomaly over the Weddell Sea intensifies the anomalous northerly winds that
transport warm air from the extratropics to the higher latitudes, with a consequent SIC decrease.
A similar circulation pattern was identified by [17,23] in September 2016, the first of the 3 months
of the highest extreme sea ice retreat since the observational period (1979—present) started, and this
was a month with an extremely positive SAM phase (2.33). According to [12], the decrease in sea ice
extension/concentration in the positive SAM phase may be a result of the strengthened circum-Antarctic
westerlies, which move warm subsurface water upward in the water column due to Ekman suction.
As the sub-superficial water is warmer compared with that on the surface, it contributes to a decrease
in sea ice.
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For the low moisture sink events (P20, Figure 12), there is almost a reversal pattern in the anomalies
compared with P80 (Figure 11). In these events, strong negative (positive) temperature anomalies
predominate in the Weddell Sea (westward), while a weaker ASL is observed concomitantly with an
anomalous low-pressure northward of the Weddell Sea (Figure 12). The anomalous high pressure over
the western Weddell Sea and the low pressure northward generate a horizontal pressure gradient
favoring the air to flow from south to north. This anomalous pattern advects cold polar air from the
interior of Antarctica to the Weddell Sea. However, this circulation pattern may associate with the
katabatic winds and thus explain the low level (at 1000 hPa) wind divergence in the Weddell Sea during
the P20 events (Figure 12b). Katabatic winds force sea ice away from the coast of the Weddell Sea,
which causes the formation of coastal polynyas [67]. On the other hand, polynyas are areas of intense
heat loss to the atmosphere [68], which promote high ice production rates, but this sea ice is advected
away, and new polynyas are created (feedback effect) [69]. Therefore, this process is important to
increase the area and concentration of sea ice.
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Figure 12. (a—c) Air temperature (°C) and horizontal wind (vectors with scale in the bottom, m s at
1000 hPa, (c—e) sea level pressure (hPa) and 1000 hPa wind divergence (x107> s~! with positive/negative
values in black/gray lines) anomalies for low moisture sink composites (P20) in April (lag-0) (a,d), May
(lag-1) (b,e) June (lag-2) (c,f).
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Another interesting aspect is that during P20 events the spatial pattern of the anomalous sea
level pressure resembles the SAM negative phase, i.e., there are anomalous high and low pressures,
respectively, around Antarctica and over midlatitudes. Indeed, 7 out of the 10 months used in the
composites for P20 of Figure 12 occurred during the SAM negative phase. As discussed in the
introduction (and also shown by [70,71]), the effect of the atmospheric variability modes on sea ice
presents regional characteristics, which prevents us from extending the result for the Weddell Sea to all
austral seas. In addition, Turner et al. [24] mention that in some places the SAM positive phase helps
to increase the sea ice extension/concentration, while in other places it has the opposite effect.

4. Conclusions

This study analyses the moisture transport toward the Southern Ocean (the King Haakon VII, East
Antarctic, Ross/Amundsen, Weddell, Amundsen and Bellingshausen seas) for the period 1980-2015.
The FLEXPART Lagrangian model is used to identify the main moisture sources for the austral seas
and the transport of moisture from the sources to the sea-ice area (with a concentration equal or greater
than 0.1 in September). Two methods are employed with FLEXPART: backward and forward analyses.
In the backward analysis, all particles residing over each sea (the target regions) are tracked backward
in time over 10 days to assess where the particles gain moisture. Once these areas are identified,
the particles are tracked forward (also for 10-days) to identify the moisture sink over each austral sea
target area.

Backward analysis ((E — P)il0 > 0) reveals that the most important moisture source for the austral
seas is located in the midlatitudes storm tracks region. The maximum in the annual cycle occurs
between the austral winter and spring. The Weddell, Ross and Amundsen seas have two moisture
sources, while the King and East Antarctica have only one.

For forward trajectories ((E — P)i10 < 0), the annual cycle of the moisture sinks, in general, show
the maximum at the austral end-summer/autumn and the minimum in spring-begin/summer, which
is similar to that in the Arctic. Over pre-defined sea-ice areas of austral seas, negative correlations
between the moisture sink and the SIC are found, which could indicate a contribution of moisture sink
to the SIC deacreases. The negative correlations are higher with two-months lagged, i.e., the greater
decrease (increase) in the SIC would occur two months after the peaks (lows) in the moisture sinks.

As previous studies have proposed different mechanisms for SIC variability in the Weddell Sea,
additional analyses are conduced to understand the relationship between the moisture sink and the
SIC in this sea. The moisture sink extremes (low and high values defined as, respectively, 20th and
80th percentiles) and the associated atmospheric circulation are discussed. We found that under low
moisture sink events (20th percentile) the SIC increases since the anomalous southerly winds follow
from Antarctica to midlatitudes, contributing to transport colder air from the interior of the continent to
the Weddell Sea. On the other hand, during the high moisture sink events (80th percentile), anomalous
northerly winds flow from midlatitudes to the Weddell Sea, with the SIC decreasing as a function of
the warm air advection. This study also suggests possible relationships of the phases of the SAM, with
extremes in the moisture sink in the Weddell Sea. High (low) moisture sink periods usually occur
during the positive (negative) SAM phase.

We suggest additional studies to evaluate whether the results obtained for the relationships
between the moisture and the SIC in the Weddell Sea may occur also in the other austral seas.
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