
detection method (Liu et al. 2005). The algorithm 
delineates each melt event in the time series by track-
ing its onset and end dates, with the onset day of the 
first melt event being the start day of the melt season 
(Fig. 6.6a) and the end day of the last melt event being 
the end day of the melt season (Fig. 6.6b). The melt 
duration is then the total number of melting days per 
pixel during the defined melt season (excluding any 
refreezing events that may have occurred during this 
period; Fig. 6.6c). The melt extent and melt index are 
metrics useful for quantifying the interannual vari-
ability in surface melt (Zwally and Fiegles 1994; Liu 
et al. 2006). Melt extent (km2) is the total area that 
experienced surface melt for at least one day, while 
the melt index (day·km2) is the product of duration 
and melt extent and describes the spatiotemporal 
variability of surface melting. The anomaly map 
(Fig. 6.6d) was created by referencing the mean melt 
duration computed over 1981–2010 (see also Fig. 3 in 
Liu et al. 2006). 

The spatial pattern of the melt duration map in 
austral summer 2014/15 (Fig. 6.6c) was similar to pre-
vious years (Wang et al. 2014). Areas with extended 
melt duration (>45 day duration in orange-red) were 
the Antarctic Peninsula area, including the Larsen 
and Wilkins ice shelves, and parts of coastal East Ant-
arctica, including the Shackleton ice shelf and other 
smaller ice shelves east of there. Areas with moderate 
melt duration (16–45 day duration in green-yellow) 
included much of coastal Queen Maud Land and the 
Amery, West, and Abbot ice shelves; short-term melt 
(<16 day duration in blues) occurred on the coast of 
Marie Byrd Land, including Ross ice shelf and por-
tions of Queen Maud Land near the Filchner Ice Shelf. 

The melt index for the entire Antarctic continent 
has continued to drop since the 2012/13 season 
(Fig. 6.7a; Wang et al. 2014). The estimated melt index 
of the 2014/15 season is 29 252 500 day·km2 in compar-
ison to 39 093 125 day·km2 in 2013/14 and 51 335 000 
day·km2 in the 2012/13 season. The melt extent of 
the 2014/15 season (Fig. 6.7b), however, is 1 058 750 
km2, slightly greater than last year at 1 043 750 km2. 
The melt anomaly map in Fig. 6.6d shows the melt 
season was generally shorter than the historical aver-
age. Therefore, austral summer 2014/15 is classified 
as a low melt year for Antarctica. The 2014/15 melt 
extent and index numbers were almost equivalent 
to those observed during austral summer 2011/12 
(944 375 km2 and 29 006 250 day·km2, respectively). 
Figure 6.7 shows a nearly significant (p = 0.05) nega-
tive trend (311 900 day·km2 yr−1) in melt index and a 
significant (p < 0.01) negative trend (14 200 km2 yr−1) 
in melt extent over 1978/79 to 2014/15, highlighted by 
the record low melt season observed during austral 
summer 2008/09. The negative trends in melt index 
and melt extent are consistent with previous reports 
(Liu et al. 2006; Tedesco 2009a,b). 

f. Sea ice extent, concentration, and duration—P. Reid,  
R. A. Massom, S. Stammerjohn, S. Barreira, J. L. Lieser, and T. Scambos
Net sea ice areal extent was well above average dur-

ing the first few months of 2015 (Fig. 6.8a). Monthly 
record extents were observed in January (7.46 × 106 
km2), April (9.06 × 106 km2), and May (12.1 × 106 km2). 
The January extent marked the highest departure 
from average for any month since records began in 
1979, at 2.39 × 106 km2 above the 1981–2010 mean 
of 5.07 × 106 km2, or nearly 50% greater. These early 
season records follow on from the record high extent 
and late retreat of sea ice in 2014 (Reid et al. 2015). 
During the first half of 2015, there were 65 individual 
days of record daily sea ice extent, the last occurring 
on 11 July, and 46 record-breaking days of sea ice area 
within the first half of the year. However, the expan-
sion of sea ice slowed so dramatically midyear that 
although sea ice area was at a record high level in May, 
it was at a record low level in August, just 83 days later 
(Fig. 6.8a). Close-to-average net sea ice extent levels 
were then observed in the latter half of 2015. 

The record high net sea ice extent in January was 
dominated by strong positive regional anomalies 
in sea ice concentration and extent in the Ross and 
Weddell Seas (Figs. 6.8b, 6.9c,e) and across East 
Antarctica (~75°–140°E). This was counterbalanced 
by strong negative ice concentration and extent 
anomalies that were present in the Bellingshausen– 
Amundsen Seas (Figs. 6.8b, 6.9d). All three regions 

Fig. 6.7. (a) Melt index (106 day·km2) from 1978/79 to 
2014/15, showing a slight negative trend (p not signifi-
cant at 95%). (b) Melt extent (106 km2) from 1978/79 to 
2014/15, also showing a negative trend (p significant at 
99%). A record low melt was observed during 2008/09. 
The year on the x-axis corresponds to the start of the 
austral summer melt season, e.g., 2008 corresponds 
to summer (DFJ) 2008/09.
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of more extensive sea ice coin-
cided with anomalously cool SSTs 
adjacent to the sea ice. Low atmo-
spheric pressure anomalies were 
also present in the Weddell and 
Ross–Amundsen Seas (Fig. 6.3a). 
Interestingly, at this time colder-
than-normal SSTs were present 
just to the north of the Belling-
shausen–Amundsen Seas, possibly 
entrained within the ACC but not 
adjacent to the ice edge itself (and 
thus removed from the area expe-
riencing below-normal ice extent).

As shown in Fig. 6.8a, there 
was a substantial and rapid de-
crease in the net ice extent (and 
area) anomaly from late January 
to early February, in large part 
due to changes in the eastern 
Ross (ref lected in Fig. 6.9c) and 
western Amundsen (not shown) 
Seas. This rapid regional “collapse” 
followed lower-than-normal sea 
ice concentrations in the central 
pack ice during the latter part 
of 2014 (see Reid et al. 2015). In 
spite of this, net sea ice extent 
and area continued to track well 
above average or at record high 
levels between February and May. 
The Indian Ocean sector between 
~60° and 110°E, the western Ross 
Sea, and the Weddell Sea showed 
particularly high or increasing 
sea ice extents during the Febru-
ary to May period as ref lected 
in the regionwide daily anomaly 
series (Figs. 6.9a,c,e, respectively), 
with early-season areal expansion 
spurred on by colder-than-normal 
SSTs (not shown) and surface air 
temperatures (Figs. 6.3b,d). 

June saw the beginning of a 
major change in the large-scale 
atmospheric pattern at higher 
southern latitudes, with lower-
than-normal atmospheric pressure 
over the Antarctic continent and a strong atmospheric 
wave-3 pattern evolving (Fig. 6.3e). This coincided 
with warmer-than-normal SSTs in lower latitudes of 
the Indian and Pacific Oceans (the latter associated 
with the developing El Niño) and their influence on 

the distribution of atmospheric jets (Yuan 2004) and 
hence cyclonicity at higher southern latitudes. The 
abrupt change in hemispheric atmospheric circula-
tion began a regional redistribution of patterns of sea 
ice areal expansion (Fig. 6.9). On one hand, there was 

Fig. 6.8. (a) Plot of daily anomalies from the 1981–2010 mean of daily 
Southern Hemisphere sea ice extent (red line) and area (blue line) for 2015. 
Blue banding represents the range of daily values of extent for 1981–2010, 
while the thin black lines represent ±2 standard deviations of extent. 
Numbers at the top are monthly mean extent anomalies (× 106 km2). 
Sea ice concentration anomaly (%) maps for (b) Jan and (c) Sep 2015 
relative to the monthly means for 1981–2010, along with monthly mean 
SST anomalies (Reynolds et al. 2002; Smith et al. 2008). These maps are 
also superimposed with monthly mean contours of 500-hPa geopotential 
height anomaly (Kalnay et al. 1996; NCEP). Bell is Bellingshausen Sea, 
AIS is Amery Ice Shelf. (d) Sea ice duration anomaly for 2015/16 and (e) 
duration trend (Stammerjohn et al. 2008). Both the climatology (for 
computing the anomaly) and trend are based on 1981/82 to 2010/11 data 
(Cavalieri et al. 1996, updated yearly), while the 2015/16 duration-year data 
are from the NASA Team NRTSI dataset (Maslanik and Stroeve 1999).
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a reduction in the rate of expansion in the western 
Weddell and Ross Seas and much of East Antarctica 
(~30°E–180°). In other regions (i.e., the eastern Wed-
dell and Ross Seas and Bellingshausen and Amundsen 
Seas), however, a likely combination of wind-driven 
ice advection and enhanced thermodynamics (colder-
than-normal atmospheric temperatures, and in the 
Bellingshausen and Amundsen Seas region colder-
than-normal SSTs) led to strongly positive sea ice 
extent anomalies. The anomalous ice extent patterns 
in the Ross Sea and Bellingshausen–Amundsen Seas 
were opposite to the trends observed over the last 
few decades of greater/lesser sea ice extent in those 
two regions respectively (Holland 2014). The net 
result of this redistribution in regional ice extent 

anomalies was that net circumpolar sea ice extent and 
area dropped dramatically at the beginning of July 
(Fig. 6.8a). This general regional ice anomaly pattern 
then persisted to the end of September (Fig. 6.8c). 

Another switch in large-scale regional sea ice 
extent anomalies occurred in October in response 
to the dissipation of the atmospheric wave-3 pattern 
and subsequent increase in negative pressure anoma-
lies centered on ~0° and ~170°W and a broad ridge 
of positive pressure anomalies centered on ~55°S, 
90°W (Fig. 6.3g). Positive sea ice extent anomalies 
were associated with a combination of cold SSTs in 
the Bellingshausen–Amundsen Seas and cool atmo-
spheric temperatures in the western Ross and Weddell 
Seas and far eastern East Antarctic. Negative anoma-
lies were associated with relatively warm atmospheric 
temperatures to the east of the low pressure systems 
(Fig. 6.3h). At the same time, sea ice extent in the far 
eastern Weddell Sea and Indian Ocean sector (~0° 
to ~60°E) was well below average (Fig. 6.9a) and re-
mained so for the rest of the year. This is attributable 
to the very low sea ice extent in the western Weddell 
Sea in the previous months (July–September as men-
tioned above), leading to lower-than-normal eastward 
advection of sea ice in the eastern limb of the Weddell 
Gyre (see Kimura and Wakatsuchi 2011). Similarly, a 
lack of eastward zonal advection of sea ice from the 
western Ross Sea resulted in lower-than-normal sea 
ice extent in the eastern Ross Sea (~150° to ~120°W). 
On a smaller scale, in late October through mid-
November several intense low pressure systems caused 
a temporary expansion of the sea ice edge (~50% above 
the long-term average) between ~60° and 90°E.

The net result of the seasonal sea ice anomalies 
described is summarized by the anomaly pattern in 
the annual ice season duration (Fig. 6.8d). The longer-
than-normal annual ice season in the outer pack 
ice of the eastern Amundsen, Bellingshausen, and 
western Weddell Seas (120°W–0°) was due both to an 
anomalously early autumn ice-edge advance and later 
spring ice-edge retreat. In contrast, the longer annual 
ice season in the inner pack ice zones of the western 
Weddell Sea and East Antarctic sector (~80°–120°E) 
was the result of anomalously high summer sea ice 
concentrations (Fig. 6.8b) that initiated an anoma-
lously early autumn ice edge advance in those two 
regions. The shorter-than-normal annual ice season 
in the eastern Ross and western Amundsen Seas 
(160°–120°W) was mostly due to an anomalously 
early ice edge retreat in spring associated with the 
increased negative pressure anomalies centered on 
170°W and lack of zonal ice advection from the west. 
Though of lesser magnitude, similar spring factors 

Fig. 6.9. Plots of daily anomalies (× 106 km2) from the 
1981–2010 mean of daily Southern Hemisphere sea ice 
extent (red line) and area (blue line) for 2015 for the 
sectors: (a) Indian Ocean; (b) western Pacific Ocean; 
(c) Ross Sea; (d) Bellingshausen–Amundsen Seas; and 
(e) Weddell Sea. The blue banding represents the 
range of daily values for 1981–2010 and the thin red 
line represents ±2 std dev. Based on satellite passive-
microwave ice concentration data (Cavalieri et al. 
1996, updated yearly).
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(the low pressure at 0° and lack of zonal ice advection 
from the west) were also implicated in the shorter-
than-normal ice season in the far eastern Weddell 
Sea and western Indian Ocean sector between 10° 
and 40°E. The contrast in spring–summer anomaly 
patterns between the Bellingshausen–Amundsen Seas 
and eastern Ross Sea (Figs. 6.8c, 6.9c,d) is a somewhat 
typical response to El Niño and as such is opposite 
to the sea ice response to the atmospheric circulation 
pattern associated with a strong positive SAM index 
(and is also opposite to the long-term trend in an-
nual ice season duration; Fig. 6.8e). However, and as 
described in Sidebar 6.1, the high-latitude response to 
this year’s El Niño was spatially muted relative to past 
El Niños due to the damping effect of the circulation 
anomalies associated with a mostly positive SAM 
index during this time.

g. Southern Ocean—J.-B. Sallée, M. Mazloff, M. P. Meredith,  
C. W. Hughes, S. Rintoul, R. Gomez, N. Metzl, C. Lo Monaco,  
S. Schmidtko, M. M. Mata, A. Wåhlin, S. Swart, M. J. M. Williams, 
A. C. Naveria-Garabata, and P. Monteiro
The horizontal circulation of the Southern Ocean, 

which allows climate signals to propagate across the 
major ocean basins, is marked by eddies and the 
meandering fronts of the Antarctic Circumpolar 
Current (ACC). In 2015, large observed anomalies 
of sea surface height (SSH; Fig. 6.10a) contributed to 
variations in the horizontal ocean circulation. While 
many of these anomalies are typical of interannual 
variability, there were several regions where the 2015 
anomaly was noteworthy due either to its extreme 
magnitude or its spatial coherence: north of the ACC 
in the Southwest Indian Ocean (~20°–90°E); in the 
entire South Pacific (~150°E–60°W), specifically the 
mid-Pacific basin around 120°W; and the anomalous 
negative SSH anomalies stretching around much of 
the Antarctic south of the ACC, especially over the 
Weddell Sea (0°–60°W). A large part of the 2015 SSH 
anomalies in the mid-Pacific, around Australia, and 
around South America was likely attributable to the 
strong El Niño event in 2015, though the low around 
Antarctica appears unrelated to ENSO variations 
(Sallée et al. 2008). 

It is not straightforward to convert these large-
scale SSH anomalies into anomalies of circumpolar 
volume transport. The best indicator of such varia-
tions is bottom pressure averaged on the Antarctic 
continental slope (Hughes et al. 2014), but such ob-
servations on the narrow slope regions are not avail-
able. Instead, the focus is on sea level averaged over 
this strip (Hogg et al. 2015). Figure 6.10d reveals that 
recent years have shown a resumption of the steady 

rise in sea level in this region. A slight sea level fall in 
2015 compared to 2014 remains consistent with this 
trend given the increase from 2014 to 2015 in eastward 
winds as represented by the SAM index (Fig. 6.10e), 
which is known to be associated with a fall in sea level 
(Aoki 2002; Hughes et al. 2003). A conversion from 
sea level to zonally averaged circumpolar transport, 
which is well established for periods of up to five 
years, is shown in Fig. 6.10e. This confirms the associ-
ation with the atmospheric structures related to SAM 
but is suggestive of an additional source of variability 
associated with major El Niño (e.g., 2009/10, 2015/16) 
and La Niña (e.g., 1998/99, 1999/2000) events, when 
zonally averaged circumpolar transport anomalies 
became more negative (decreased transport) and 
positive (increased transport), respectively. 

The horizontal circulation and vertical water-mass 
circulation are dynamically linked through a series 
of processes including surface water-mass trans-
formation associated with air–sea–ice interactions. 
The characteristics of the lightest and densest of the 
Southern Ocean water masses are now described to 
provide an assessment of the vertical circulation and 
its contribution to ventilating the world’s oceans. The 
ocean surface mixed layer is the gateway for air–sea 
exchanges and provides a conduit for the sequestra-
tion of heat or carbon dioxide from the atmosphere 
into the ocean’s interior, which is ultimately mediated 
by the physical characteristics of the mixed layer.

The 2015 mixed layer temperature anomaly pat-
tern revealed a distinct north–south dipole delimited 
by the ACC (Figs. 6.10b,c). Mixed layer conditions in 
Antarctic waters were very cold, whereas the mixed 
layers north of the ACC were warmer than average. 
This pattern persisted throughout both summer 
and winter, though with a reduced magnitude in 
winter. While the warm signal in the mid-Pacific 
was consistent with the influence of the 2015 El Niño 
event (Vivier et al. 2010), the cold signal south of the 
ACC was not. It was consistent, however, with the 
atmospheric circulation pattern associated with a 
positive SAM index that included increased north-
ward Ekman transport of relatively cool and fresh 
Antarctic surface waters. In agreement, the southeast 
Pacific sector was fresher than the climatological 
average conditions, though other regions showed 
little homogeneity in salinity anomaly (not shown).

Mixed layer temperatures have a strong inf lu-
ence on air–sea CO2 fluxes and ocean pH. Overall, 
the Southern Ocean is a net carbon sink. This sink 
decreased during the 1990s, but since 2002 has in-
creased, reaching a maximum of about 1.3 Pg C yr−1 
in 2011 (Pg = 1015g; Landschutzer et al. 2015) and was 
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