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y los Océanos (FCEN-UBA), Buenos Aires, Argentina

ABSTRACT: This article quantifies the relationship between sea ice cover (SIC) on the Southern Ocean and precipitation
and river discharges over southeastern and eastern South America. The period of analysis covers from 1981 to 2008 and
includes monthly mean data of SIC over the Ross, Amundsen–Bellingshausen and Weddell Seas, as well as atmospheric
variables and discharges of selected rivers in eastern South America. To isolate the effect of known modes of climate
variability on SIC, the signals of El Niño-Southern Oscillation and the Southern Annual Mode are removed from all
time series through regression analysis. Composites of precipitation differences over South America reveal a pattern of
enhanced rainfall activity over the South Atlantic Convergence Zone (SACZ) in summer (JFM) when SIC is above average
particularly over the Weddell Sea area, while winter (ASO) SIC anomalies show negative and significant correlations with
rainfall over much of South America. Moisture fluxes patterns in summer reveal increased moisture transport towards the
SACZ region and decreased low-level jet activity (and precipitation) over northern Argentina. In particular a large dry
bias over southeastern South America associated to positive SIC anomalies on the Weddell Sea in September is shown to
impact the discharges of the Uruguay and Iguazú Rivers, with the largest effects found two months after the SIC anomaly
(November). Although less robust, a relationship with the Paraná River is also found. These results suggest that increased
SIC over the Weddell Sea during September can help to forecast drier conditions particularly on the Uruguay basin and
somewhat wetter conditions in the SACZ region within the following season.
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1. Introduction

The Southern Hemisphere (SH) is characterized by large
water masses that account for nearly 80% of the total
surface of the hemisphere and an annual mean area of 12
million km2 (about 6%) of sea covered by ice. Thus, vari-
ability on sea surface temperature (SST) and sea ice cover
(SIC) may play a significant role in the atmospheric circu-
lation of the region (Kushnir et al., 2002; Brayshaw et al.,
2008). Although many studies treat SIC variability as pri-
marily driven by the atmospheric and oceanic circulation
and not vice versa (Deser et al., 2000; Renwick, 2002;
Zhang, 2007; Stammerjohn et al., 2008), other authors
showed that changes in SIC also impact the atmospheric
circulation (Justino and Peltier, 2006; Matthewman and
Magnusdottir, 2011). Kidston et al. (2011) recently per-
formed simulations with an atmospheric general circu-
lation model modifying the latitudinal extent of the sea
ice edge (SIE) on the SH and found that the position
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of the SIE has a noticeable impact on the location of
the mid-latitude jet stream, especially in the cold season.
Raphael et al. (2011) found that during those austral sum-
mers when SIC is at its largest extent there is a marked
alteration in the high- and mid-latitude SH circulation
and showed that SIC variability also exerts an influence
in the phase and amplitude of the Southern Annular Mode
(SAM), the leading mode of atmospheric variability south
of 20◦S.

In the last decades there have been large changes in
the atmospheric circulation and related mean temperature
around many parts of Antarctica. The Antarctic Peninsula
is the SH high latitude region where the largest positive
temperature trends have been observed (Vaughan et al.,
2003; Steig et al., 2009; O’Donnell et al., 2011). This
warming, mostly explained by the significant strengthen-
ing of the SAM (Thompson et al., 2000; Marshall, 2003),
may have played a role in the collapse of several ice
shelves and could be associated with sea ice loss in the
surrounding seas (Turner et al., 2005; Turner and Over-
land, 2009; Screen and Simmonds, 2012). Independently
on the main driver behind these variations – either green-
house gases concentration increases (Cai et al., 2003),
stratospheric ozone depletion due to enhanced aerosol
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concentration (Thompson and Solomon, 2002; Turner
et al., 2009) or natural forcing (Marshall et al., 2004) –,
they have influenced both the SST and SIC fields around
Antarctica.

Precipitation variability in South America is known to
be highly dependent on the phase and strength of El Niño-
Southern Oscillation or ENSO ( Ropelewski and Halpert,
1987; Grimm et al., 2000), and on the amplitude and
phase of the SAM. Silvestri and Vera (2003) showed that
precipitation over southeastern South America (SESA)
in winter and spring is strongly modulated by the SAM,
although this relationship was found to have varied along
the second half of the 20th century (Silvestri and Vera,
2009). However, until now the potential relationships (if
any) existing between SIC around Antarctica and South
American climate are not clear.

The scope of this article is to analyse the covari-
ability between SIC and precipitation anomalies over
South America. Three distinct regions around Antarc-
tica are selected and analysed individually: Ross Sea,
Amundsen–Bellingshausen Sea and Weddell Sea and
their relationships with patterns of rainfall anomalies are
assessed. An analysis of long-term trends in SIC and
their possible links to precipitation variability over South
America is also performed. The article is organized as fol-
lows: Section 2 includes the description of SIC, precipita-
tion, streamflow and circulation variables datasets along
with the methodologies. Section 3 includes the analysis
on SIC and precipitation variability and covariability. The
main atmospheric circulation anomalies related to SIC
variability are included in Section 4. Section 5 includes a
discussion of potential seasonal predictability of rainfall
and river discharges for selected basins arising from the
SIC-precipitation analysis. Conclusions are presented in
Section 6.

2. Data and methodology

SIC data was taken from the HadISST dataset (Rayner
et al., 2003 and updates) for the whole SH and pre-
cipitation data was obtained from CMAP (Xie and
Arkin, 1997) covering the South American region.
The atmospheric circulation related to the SIC-
precipitation anomalies was analysed using data from
the NCEP/NCAR Reanalysis (Kalnay et al., 1996) and
includes monthly mean 850 and 700 hPa geopotential
height (Z850 and Z700, respectively), specific humidity
(q) and temperature (T) from 1000 to 700 hPa, precip-
itable water and zonal and meridional wind components
(u and v, respectively) from 1000 to 250 hPa.

As all datasets considered in this article have at least
partially been derived using remote sensing data, the
period of analysis was selected so as to be included
in the satellite era and runs from January 1981 to
July 2008. Two distinct seasons were considered for
analysis in terms of the seasonality of SIC around
Antarctica, as done previously in Kidston et al. (2011):
summer (January–February–March; JFM) and winter

Figure 1. Mean SIE position in February (full black line) and Septem-
ber (dashed black line). The Ross, Amundsen–Bellingshausen and
Weddell Sea regions are indicated by RS, AB and WD, respectively.

(August–September–October; ASO; which is truly late
winter-early spring in the SH but for simplicity will be
called winter). A total of 84 (=3 months × 28 years)
summer and 81 (=3 months × 27 years) winter months
were thus obtained.

The relationship between SIC and South America
precipitation was analysed considering three high
latitude areas separately: the Ross Sea (from 50◦S to
the Antarctic coast and from 150◦E to 150◦W), the
Amundsen–Bellingshausen (from 50◦S to the Antarctic
coast and from 130◦W to 70◦W) and the Weddell Sea
(from 50◦S to the Antarctic coast and from 60◦W to
10◦W). The location of the three areas is shown in
Figure 1. The mean SIE position was computed by
taking for each longitude the latitude at which sea ice
concentration was equal to 0.15 as done in previous
works (Renwick, 2002). Accordingly, sea regions
were classified as ‘ice covered’ whenever the sea ice
concentration was equal to or above 0.15.

Anomalies of SIC and precipitation over South Amer-
ica were derived by subtracting to each month its
corresponding long-term mean. Linear trends on the
resulting time series were computed and removed after-
wards. Correlation coefficients and their significance
were then calculated between the detrended SIC and
South American precipitation anomalies time series. To
isolate the effect of known modes of SH atmospheric
variability on SIC (Lefebvre and Goosse, 2008), lin-
ear regressions of SIC on the time series of SAM and
ENSO indices were computed following Equations 1
and 2 and the resulting time series – with ENSO and
SAM contributions removed – were used to recalcu-
late the previous correlations. SAM and ENSO indices
were obtained from the NCEP Climate Prediction Center
(http://www.cpc.ncep.noaa.gov/).

SIC_filtij = SICij − regrij (1)
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regrij = aoij + a1ij.SAMj + a2ij.ENSOj (2)

In Equations 1 and 2, SIC stands for the ‘full’ SIC
time series (only with annual cycle and trend removed)
and SIC_filt for that with no SAM and ENSO contri-
butions. regr, the regressand or response function, was
computed by using SAM and ENSO indices as predic-
tors, and the regression coefficients (a0, a1 and a2) were
obtained by least square fitting. i stands for the dif-
ferent regions (Amundsen–Bellingshausen Sea, Weddell
Sea and Ross Sea) and j , for the two seasons, summer
and winter.

SIC anomalies (both with and without SAM and ENSO
contributions) were grouped for each region in high (low)
cases considering months within a season in which SIC
anomaly was above (below) the 80th (20th) percentile of
the corresponding season. These months were then taken
together to compute the related patterns of anomalous
atmospheric circulation over the SH for the three regions,
for summer and winter and for both high and low SIC
cases.

To explain the observed anomalies in South Ameri-
can precipitation associated to the different SIC patterns,
precipitable water and low-level moisture fluxes anoma-
lies were calculated for high and low SIC cases. The
low-level moisture flux Q is defined as:

Q = 1

g

∫ P0

P1

qV dp (3)

In Equation 3, g stands for gravity acceleration, q ,
the specific humidity and V , the horizontal wind vector.
P0 and P1 stand for atmospheric pressure at 1000 and
700 hPa, respectively, where the largest portion of global
moisture is concentrated.

Atmospheric perturbations that enhance lifting motion
and contribute with the production of precipitation at
midlatitudes are usually related to conditions of baroclinic
instability (Hoskins and Valdes, 1990). Lindzen and
Farrell (1980) showed that the Eady growth rate (σ ) is a
good measure of the magnitude of atmospheric baroclinic
instability. This variable takes into account the low-level
vertical shear and the static stability and is defined as:

σ = 0.31.f .

∣∣∣∣dV

dz

∣∣∣∣ .
(

g

θ

∂θ

∂z

)−1

(4)

where f is the Coriolis parameter (=2.�.sinϕ, being
� the Earth’s angular velocity and ϕ the latitude), V
the horizontal wind vector and θ , the potential temper-
ature. Vertical variations were considered between 850
and 700 hPa. This variable is used in this paper to com-
pute variations in the baroclinic instability (and resulting
potential of atmospheric perturbation growth) at midlati-
tudes related to the different SIC scenarios.

Since Lemke et al. (1980) had already stated that SIC
anomalies tend to persist for several consecutive months
and are thus capable of altering the atmospheric and
oceanic circulation, seasonal predictability of dry/wet
conditions over South America using SIC as predictor is
also assessed by computing lagged composites between

winter SIC anomalies over the Southern Ocean and spring
rainfall anomalies on South America. As river discharges
are mainly driven by precipitation and temperature,
further analysis is performed to link anomalous sea
ice patterns with selected river streamflow anomalies
at the outlet of large basins. Streamflow data were
obtained from the Subsecretarı́a de Recursos Hı́dricos
(Undersecretary of Water Resources) of Argentina and
the Operador Nacional do Sistema Elétrico (National
Electric System Operator) of Brazil and consist of
monthly mean discharges of the Uruguay River at Paso
de los Libres (29◦43′S, 57◦04′W), the Iguazú River at
Salto Caxias (25◦33′S, 53◦30′W), the Paraná River at
Jupia (20◦47′S, 51◦38′W) and Itaipú (25◦25′S, 54◦36′W)
and the Sao Francisco River in Tres Marias (18◦12′S,
45◦14′W) and Lago de Itaparica (9◦00′S, 38◦20′W).

3. SIC and precipitation variability

3.1. Sea ice

Figure 1 shows the mean February and September
location of the SIE, when sea ice reaches its minimum
and maximum latitudinal extension respectively. During
February SIC is rather small around the Southern Ocean
except for the Weddell Sea region where much of the
region remains ice covered. In September, however, the
only region where SIC is scarce is west of the Antarctic
Peninsula, but over the rest of the Antarctic coasts sea
ice is found everywhere and in some places extending
up to about 53◦S, as is the case of the South Atlantic
Ocean. Tables 1 and 2 show mean SIC over the Ross,
Amundsen–Bellingshausen and Weddell regions during
summer and winter. In both seasons the Weddell Sea has
the largest SIC values, with more than 4.0 × 106 km2

(almost 60% of the region) ice covered during winter.
The Amundsen–Bellingshausen Sea region is only 7%
ice covered (4.0 × 105 km2) during summer and 27%
(2.1 × 106 km2) in winter, while the Ross Sea area varies
between 0.4 and 3.4 × 106 km2.

Figure 2 displays the time series of SIC percentage
anomalies in the three regions during summer and
winter respect to their corresponding long-term means.
For summer, besides the positive trend in SIC over the
Ross and Weddell Seas and the negative trend over the
Amundsen–Bellingshausen region, time series exhibit
large year-to-year variability and a changing relationship
among them. For instance, although in the beginning of
the analysis period there appeared to be a positive cor-
relation between Ross and Amundsen–Bellingshausen
SIC, from about 1998 onward this relationship seems
to have reversed in sign. Table 1 includes information
on linear trends and correlation coefficients and their
significance computed between the three SIC time
series. These results indicate the strongest link is found
between the Ross and the Weddell regions, with r ≈ 0.5,
significant at the 99% confidence level after a t-test.
Though significant, the link between the Ross and
the Amundsen–Bellingshausen area is much weaker.
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Table 1. Mean area covered in sea ice (in km2) and its trend (in km2 per decade) in the Ross, Amundsen–Bellingshausen and
Weddell Sea regions in summer, and correlation coefficients between the three time series.

Region SIC (106 km2) SIC trend (104 km2 decade−1) RRoss RAmundsen RWeddell

Ross 0.42 0.00 1.000 0.191* 0.494**
Amundsen 0.40 −0.16* 0.191* 1.000 0.125
Weddell 1.48 1.04* 0.494** 0.125 1.000

Significance at 90% and 99% confidence levels are marked with * and **, respectively.

Table 2. Mean area covered in sea ice (in km2) and its trend (in km2 per decade) in the Ross, Amundsen–Bellingshausen and
Weddell Sea regions in winter, and correlation coefficients between the three time series.

Region SIC (106 km2) SIC trend (104 km2 decade−1) RRoss RAmundsen RWeddell

Ross 3.40 0.70 1.000 −0.155 0.046
Amundsen 2.10 0.09 −0.155 1.000 −0.114
Weddell 4.05 −0.37 0.046 −0.114 1.000

(a)

(b)

Figure 2. Sea ice cover (SIC) percentage anomalies in (a) summer, and
(b) winter in the Ross, Amundsen–Bellingshausen and Weddell regions

respect to the corresponding 1981–2008 mean.

Linear trend analysis indicates increases in SIC over
both the Ross and Weddell Seas and receding ice
cover over the Amundsen–Bellingshausen region which
could be related to the large positive temperature trends
registered there (Monaghan et al., 2008). An analysis
of the statistical significance of the trends using the
nonparametric Mann–Kendall test (Mann 1945, Kendall
1955) indicates the only significant trends are those of
the Amundsen–Bellingshausen Sea (negative) and Wed-
dell Sea (positive), both in summer. These trends in SIC
are consistent with previous findings by other authors
using longer periods of analysis (Liu et al., 2004).

In winter, interannual SIC variability is reduced com-
pared to summer. In fact, in this season there are only 3
years when SIC exceeded +100% anomaly with respect
to its mean in any region, compared to the six occur-
rences found in summer. The most extreme month of
any region occurred in 2007 over the Ross Sea area, with
a SIC anomaly surpassing +150% above the mean val-
ues for the cold season. Although not being the scope of
this paper, it is worth mentioning that this case could
be linked to the extremely cold conditions registered
during that winter over much of central and southern
South America. Linear trends on the three time series
(Table 2) indicate upward SIC trends only over the Ross
Sea region, with an increase of about 22% per decade, and
negative trends over both the Amundsen–Bellingshausen
(−15.9% per decade) and Weddell (−8.9% per decade)
regions. Annually, SIC increased during this period
over the Ross and Amundsen–Bellingshausen Seas and
decreased in the Weddell Sea (not shown).

3.2. Precipitation

Rainfall over much of central and northern South Amer-
ica has a well defined seasonal pattern, with rainy
conditions from October to March and prevailing dry
conditions during the rest of the year. Figure 3 shows
the precipitation climatology for summer and winter as
defined in this article. Summer accounts for much of the
total annual rainfall in a large portion of the region, espe-
cially from the equator to about 20◦S where winters are
very dry. Over SESA, however, there is a relative maxi-
mum near the Atlantic coast of nearly 4 mm day−1 during
the cold season. In this season there is also a precipitation
maximum west of the Andes Mountains south of 30◦S.
Interannual standard deviation values maximize during
summer over tropical South America (about 3 mm day−1)
and in the rest of the year over SESA. However, there
is a relative standard deviation maximum over tropical
South America centered in about 10◦S during winter
which is partially related to the fact that the definition
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(a)

(b)

Figure 3. Precipitation mean (shaded) and interannual standard deviation (contours) over South America in (a) summer (JFM), and (b) winter
(ASO). Units are mm day−1.

of winter considered in this article – following SIC sea-
sonality – includes the early stages of the rainy season
over tropical South America (Marengo et al., 2001).

3.3. SIC-precipitation covariability

Figure 4 shows the correlation coefficient between
detrended and annual cycle removed Ross, Amundsen–
Bellingshausen and Weddell SIC and precipitation in

South America in both summer and winter. During sum-
mer, the most outstanding feature is that SIC anoma-
lies over any of the three regions are positively (and
significantly) correlated with precipitation over eastern
Brazil, particularly over the South Atlantic Convergence
Zone (SACZ; Kodama, 1992). The largest signal there
appears related to the Weddell Sea region. Further south,
over Uruguay and northeastern Argentina there are hints
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Figure 4. Correlation coefficients between deannualized, detrended Ross (top), Amundsen–Bellingshausen (middle) and Weddell (bottom) SIC
and South American precipitation in summer (left) and winter (right). The thick black line indicates regions where correlation is significant at

the 5% confidence level following a t-test.

of a negative correlation which may actually be related
to the dipolar pattern of precipitation between this region
and the SACZ area (Nogués-Paegle and Mo, 1997) but
significance is low there. The exceptions to this are SIC
anomalies in the Ross Sea area, which are negatively
and significantly correlated with Uruguay and southern
Brazil summer precipitation. The northern edge of South
America, near the equator, also tends to have an oppo-
site pattern of variability to that of sea ice over the
Southern Ocean, and although the scope of the article
is constrained to the influence of the sea ice extent on
precipitation over SESA, the noticeably sea ice-related
anomaly in precipitation over equatorial South America
during summer deserves a comment. As expected from

an extension to the north of the sea ice on the Wed-
dell region, the middle and upper troposphere circulation
and its westerly maximum displace equatorward as well,
leaving the jet about 40–45◦S and its intermittent sub-
tropical branch reaching lower latitudes more frequently.
Therefore, more anticyclonic conditions prevail south of
the SACZ resulting in less frequent low-level jet events
east of the Andes, which are normally responsible for a
substantial part of the moisture transport towards subtrop-
ical latitudes. This favours the enhancement of the posi-
tive SACZ phase (Nogués-Paegle and Mo, 1997, Doyle
and Barros, 2002) with consequently increased mois-
ture transport from the equatorial region (Figure 9(a)).
In addition, the enhanced convection over the SACZ is
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Figure 5. Correlation coefficients between deannualized, detrended Ross (top), Amundsen–Bellingshausen (middle) and Weddell (bottom) after
filtering out but after filtering out the effects of SAM and ENSO from the SIC time series. The thick black line indicates regions where correlation

is significant at the 5% confidence level following a t-test.

accompanied by increased moisture convergence and pre-
cipitation over eastern-southeastern Brazil and divergence
at low levels in the equatorial region (see the increase
in vector size from the equator towards 10–15◦S over
northern Brazil in Figure 9) leading to less precipitation
there.

In the cold season not much impact on precipitation
is seen associated to SIC anomalies over the Ross and
Amundsen–Bellingshausen areas, but a distinct pattern is
related to ice on the Weddell Sea region. In fact, SIC is
negatively and significantly correlated with precipitation
over much of central and northern South America and
positively correlated with rainfall west of the Andes,
affecting a portion of central Chile and the Andes
Mountains near 30–35◦S. Winter is the rainy season
there, and this suggests enhanced precipitation activity

in years with increased SIC in the Weddell region.
In particular over the Amazon region, where negative
correlations are found, this behavior could be related to
a delay in the onset of the South American Monsoon
activity (Vera et al., 2006), potentially prolonging the
length of the dry season. This will be further analysed
in the section related to seasonal predictability.

Table 3 lists the correlation coefficients between
SAM and ENSO indices and deannualized, detrended
SIC time series on the three regions. No correla-
tion is above 0.3 and statistical significance is only
achieved in the case of SAM in summer with the Ross
and Amundsen–Bellingshausen SIC and during winter
between ENSO and the Ross and Weddell SIC. Figure 5
displays linear correlation coefficients between SIC and
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Table 3. Correlation coefficients between SIC in the three
regions and the SAM and ENSO indices for summer and winter.

Summer Winter

SAM SOI SAM SOI

Ross 0.211* −0.103 −0.136 −0.268**
Amundsen 0.181* −0.051 0.145 0.133
Weddell 0.010 0.131 −0.032 0.229**

* and ** indicate correlations that are statistically significant at 90%
and 95% confidence levels.

precipitation, as in Figure 4, but computed after remov-
ing ENSO and SAM trends from the SIC time series
(Equation 1). As it can be seen, patterns are very much
the same to those shown in Figure 4 for both seasons and
the three SIC regions. In fact in some regions correlation
increases and becomes thus more strongly significant, as
is the case of much of central and northern Argentina in
winter related to SIC in the Weddell Sea region. Given
that the relationship between SIC and precipitation vari-
ability is largest for the Weddell region, the rest of this
article will focus on that area in particular.

4. Atmospheric circulation related to SIC
variability

Many studies have shown that SIC is not independent of
atmospheric circulation. For instance, meridional thermal
advection is one of the primary mechanisms to explain the
progression and recession of sea ice (Dash et al., 2012).
Figure 6 shows the Z850 anomaly composites consid-
ering the difference between high minus low SIC cases
in the Weddell Sea region for summer and winter – with
ENSO and SAM effects on sea ice removed. SIC anoma-
lies during summer are associated to a dipolar pressure
pattern (very similar to the SAM), with high values over
the coasts of Antarctica and low pressures anomalies
over southern South America, the southern Indian Ocean
and southeastern Australia. In winter, however, there
are weak positive height anomalies on southern South
America, leading to drier conditions over southern Chile
(Figure 5). Likewise, negative pressure anomalies are
present over the South Indian Ocean. Anomalies related
to both the dipolar summer pattern described previously
and those associated to high pressure over southern South
America and low pressure over the South Indian Ocean
in winter are significant at the 99% level according to a
t-test.

Figures 7 and 8 show summer and winter mean
zonal wind at 250 hPa (u250), 500 hPa-circulation and
σ along with the observed differences in high minus
low SIC cases in the Weddell Sea. It is important
to note that although σ is largely determined by the
intensity of upper level winds and thus attains maximum
values at mid-latitudes in the cold season when winds
are strongest, σ anomalies as considered in this study
are independent of the seasonality and can thus give
hints of the baroclinic forcing acting on particular SIC

Figure 6. 850 hPa-Geopotential height anomalies composite of high
minus low cases [i.e. months when SIC was above (below) the 80th
(20th) percentile, respectively] for the Weddell Sea region in (a)
summer, and (b) winter. Units are m2 s−2. Contour interval (cint) is
10 m2 s−2 with zero contour omitted. Shaded areas are significant at

the 99% level.

conditions. During summer (Figure 7), the upper level
jet on South America has a maximum around 50◦S with
mean velocities of about 35 m s−1 over the South Atlantic
Ocean. Two troughs are present in the mean 500 hPa wind
field around South America: one centered in 75◦W near
the coast of Chile (from now on, LOW-W), and another
one in 50◦W, east of SESA (LOW-E). Eady growth rate
has a maximum located over southern South America of
about 8 × 106 s−1.

The composite of high minus low SIC cases in
the Weddell Sea is characterized by a stronger upper
level jet over southern South America with a maximum
difference near 40◦S. Negative zonal wind differences are
found further north suggesting a northward displacement
of the jet with increased ice in the Weddell. Weaker
zonal winds are also found at 60◦S, suggesting that
maximum westerlies are displaced northward when sea
ice is increased in the Weddell region. This pattern
of equatorward displacement of the polar jet is also
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Figure 7. Mean 250hPa-zonal wind u (shaded; m s−1), mean 500 hPa circulation (vectors) and Eady growth rate (contours; ×106 s−1) in summer
(top). High minus low Weddell SIC departures from the corresponding mean values (bottom). Numbers in blue in both panels denote the
magnitude of the closest 500 hPa wind vector (m s−1) for reference. Black dots in the bottom figure depict significance of u anomalies at the

99% level.

Figure 8. Mean 250hPa-zonal wind u (shaded; m s−1), mean 500 hPa circulation (vectors) and Eady growth rate (contours; ×106 s−1) in winter
(top). High minus low Weddell SIC departures from the corresponding mean values (bottom). Numbers in blue in both panels denote the
magnitude of the closest 500 hPa wind vector (m s−1) for reference. Black dots in the bottom figure depict significance of u anomalies at the

99% level. Note that the wind speed colour bar in the bottom panel differs from that of Figure 7.
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found when SIC anomalies over the other regions are
considered (not shown). In the 500 hPa circulation, the
LOW-E favours upward motion over the SACZ region.
The LOW-W tends to be reduced and shifted southwest
of its mean position. Eady growth rate is increased over
southern South America near 40◦S, partly related to the
enhanced upper level winds and vertical wind shear, and
also over subtropical South America at about 20◦S which
is linked to the rainier conditions during summer in that
region.

In winter (Figure 8), stronger upper level winds are
seen over South America with a mean value in excess of
40 m s−1 in the South Pacific. Only one trough is found
in the regional 500 hPa wind field near southern South
America, now centered over the Andes Mountains and
leaving much of SESA in the region prone to upward
motion that, however, is not related to an increase in
precipitation due to the low precipitable water as it will
be shown later. σ values depict once again a maximum
over southern South America but their magnitudes are
smaller than during the warm season, probably related
to the colder, more stable low-level conditions prevailing
in winter. Yet, a positive anomaly is found reaching the
coast of central and northern Chile, partly explaining the
winter rainfall in that region and its relation to the SIC
anomalies in the Weddell Sea. Positive SIC differences
over the Weddell region are associated to an extended
positive anomaly in u250 over the Pacific Ocean in
about 40–45◦S, with negative differences to the north.
Conditions over South America are characterized by more
intense winds in subtropical latitudes (around 25–30◦S)
and weaker zonal winds to the north and south. It is
interesting to see that the 500 hPa circulation difference
is characterized by a ridge axis over northern Chile and
Argentina, centered near 20◦S, 60◦W, which enhances
sinking motion over northern Argentina, Uruguay and
southern Brazil, while a trough downstream of that
ridge leads to an increase in lifting motion over the
South Atlantic (not shown). Northern South America is
characterized by 500 hPa wind anomalies from the east.

Moisture flux and precipitable water composites of
the difference between high minus low SIC cases in
the Weddell Sea for summer and winter are shown in
Figure 9. During summer, moisture fluxes from the north
are enhanced over northern South America but in about
15◦ –20◦S they are deflected towards the east, converg-
ing further east in the climatological SACZ position.
As moisture fluxes are deflected eastwards the SACZ
becomes more active, but at the same time less moisture
is transported southwards onto southern South Amer-
ica. Active SACZ seasons are known to be related
to drier conditions over northern Argentina/Uruguay as
low level jet events (which explain a large part of the
warm season precipitation over these areas) become less
frequent (Doyle and Barros, 2002; Marengo et al., 2004).
Although all the analysis in this article is done on a
monthly basis, this could suggest less daily frequency
of northerly winds reaching northern Argentina with the
resulting less fuel for convection. Again, strong SACZ are

usually related to more precipitation over west and central
Argentina (Doyle and Barros, 2002) which is also seen in
this pattern of moisture transport and precipitable water.
In this case, however, this does not result in more precipi-
tation because of the weakening of the trough over Chile.

When the cold season is analysed, a large and sig-
nificant area of drier conditions/less precipitable water
is seen over much of central and southern South Amer-
ica, covering from central Argentina to central-northern
Brazil with large differences in the moisture fluxes from
central South America northwards, onto the equatorial
region of the continent. This leads to enhanced lift over
northeast Brazil (not shown) with more precipitation there
(Figure 5). Over central Chile lift is increased (not shown)
and there is also a slight increase in moisture fluxes
coming from the northwest that favour strong winter pre-
cipitation over the Andes Mountains (Viale and Núñez,
2011).

5. Seasonal precipitation and river discharges
predictability

To analyse potential seasonal predictability on South
American precipitation associated to SIC, lagged
composites between both time series were computed.
Figure 10 shows October and November mean precip-
itation over tropical and subtropical South America.
In October, three distinct maxima can be found on
the continent: one over northeastern Argentina and the
surrounding areas of Brazil and Paraguay with rain
rates of about 6–7 mm day−1, another one over the
equatorial region near 75◦W and a third region over
central-northern Brazil with mean precipitation values
near 8 mm day−1. This last maximum is related to the
convective activity associated to the South American
Monsoon. A relative minimum on precipitation is found
further east, over the SACZ region. During November
this pattern changes as the convective activity reaches
the coast and establishes a well-defined SACZ pattern
centered in a northwest-southeast oriented axis from cen-
tral Brazil onto the Atlantic. The maximum located over
northeastern Argentina still persists but its magnitude is
reduced with respect to the previous month.

Figure 11 shows composites of precipitable water and
Z850 anomalies in October and November associated
to high minus low SIC cases on the Weddell region in
September (i.e. one and two months preceding the pre-
cipitation anomalies patterns). In October (top panel) a
large anticyclonic anomaly is found over the Weddell
Sea region, centered near 70◦S, while a cyclonic anomaly
is present over SESA. This circulation anomaly is asso-
ciated to higher precipitable water values on the coast
of eastern and northern Brazil and drier conditions over
much of northern Argentina and Uruguay – significant
at the 99% confidence level following a t-test – which
is very similar to that associated to cold ENSO (i.e.
La Niña) events. Given that ENSO forcing has been
removed, this result could indicate the presence of a
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(a)

(b)

Figure 9. Moisture fluxes and precipitable water composites in high minus low SIC cases (see text for details) in the Weddell region in (a)
summer, and (b) winter. Precipitable water units are mm and contour interval is 0.5 mm, with positive and negative values in dashed and full
lines, respectively. Areas shaded in grey denote regions where precipitable water differences are significant at the 99% confidence level according

to a t-test.

particular oceanic-atmosphere feedback related to these
SIC anomalies acting even in the absence of ENSO. In
November (bottom panel) the blocking pattern tends to
persist, although the anticyclonic difference is now found
further north and the Weddell region is instead located
east of a cyclonic difference which enhances northerly
winds over that area. The low pressure difference on

SESA persists and precipitable water anomalies are inten-
sified respect to the previous month, with dry conditions
in northern Argentina and Uruguay and wetter conditions
to the north.

Figure 12 shows precipitation difference composites
associated to the circulation differences of Figure 11. In
October the pattern shows negative rainfall anomalies
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Figure 10. October (top) and November (bottom) mean precipitation in South America. Units are mm day−1.

over southern Brazil and along the Peruvian-Brazilian
border, both statistically significant according to the
Student’s t-test with a confidence level exceeding 99%
(see black thick lines in Figure 12), while positive
precipitation anomalies are seen over the SACZ region. In
November the dry anomaly over northeastern Argentina
not only persists, but is even more extended and intense

while the regions of central Brazil and the SACZ now
are all associated to positive rainfall differences. A dry
difference is further to the northwest, over the forest
region of northern Peru and southern Colombia. In this
month, both the dry anomaly over northeastern Argentina
and the wet anomaly over central-eastern Brazil are
significant at a 99% level.
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Figure 11. October (top) and November (bottom) precipitable water
(shaded, in mm) and 850 hPa geopotential heights (contours, in m2

s−2) difference composites of high minus low cases in Weddell SIC in
the preceding September. Black dots depict significance of precipitable

water anomalies at the 99% level.

Since the location and persistence of the largest precip-
itation anomalies located in southern and central-eastern
South America can exert a strong influence on river
streamflow variability in the region, the Uruguay, Paraná,
Iguazú and Sao Francisco basins were considered to
assess the link between SIC-related rainfall anomalies
and discharge variability (see discharge gauge locations
in Figure 12). As for the SIC and rainfall time series,
SAM and ENSO effects were also removed from dis-
charge data through a linear regression analysis.

Considering the previous lagged SIC-rainfall analysis,
Tables 4 and 5 include statistics of streamflow changes
during the months of October and November, respec-
tively, associated to SIC variability over the Weddell Sea
region in the previous September. As streamflow data
tend not to follow a Gaussian distribution, medians (and
not means) are presented for October and November
along with the differences in high and low SIC condi-
tions in September. Overall, during October (Table 4)
the Uruguay and Iguazú Rivers have their streamflow
diminished when SIC in the Weddell is above the 80%
percentile in September. For the gauging stations in the
Paraná and Sao Francisco Rivers the patterns of stream-
flow anomalies are opposite to that of the Uruguay River,
with positive (negative) anomalies related to positive
(negative) September SIC anomalies. Linear correlation
coefficients computed between these series and SIC vari-
ability including only extreme cases of sea ice are non

significant for all basins, with a sign reversal between the
Uruguay-Iguazú Rivers and the Paraná River, closely fol-
lowing the dipolar precipitation anomaly pattern seen in
Figure 12. For November (Table 5), discharge anoma-
lies become larger in absolute value on the Uruguay
basin. On the Paraná River, the anomaly pattern is sim-
ilar to that of the previous month while over the Iguazú
River conditions resemble those of the Uruguay basin.
It is interesting to note that the correlation coefficients
between November streamflow anomalies and SIC con-
sidering only the extreme cases are now significant at the
95% level over the Uruguay and Iguazú basins. In the
case of the Sao Francisco River, the pattern is opposite:
as correlation fields suggest enhanced (decreased) pre-
cipitation with positive (negative) SIC anomalies on the
Weddell region, both October and November streamflow
are above (below) average when SIC anomalies are posi-
tive (negative). In particular during November, anomalies
are larger but not significant. The SIC signal is par-
ticularly noticeable in the Uruguay River basin, where
the largest precipitation anomalies are located, but it is
observed in the rest of the eastern South American basins
as well.

6. Conclusions

This article showed that SIC variability in the Southern
Ocean in the absence of ENSO and SAM effects can
exert significant alterations on precipitation over SESA.
In particular the Weddell Sea region was found to
be the most correlated with precipitation differences
over SESA in both summer (JFM) and winter (ASO).
During the warm season, high SIC in the Weddell
area is related to high pressure anomalies over the
Antarctic coast and a low pressure anomaly over the
southeastern Pacific Ocean, affecting the southern coast
of Chile. Another cyclonic centre intensifies east of South
America, contributing to more precipitation over the
SACZ region. This is also related to drier conditions over
northeastern Argentina. Moisture fluxes analysis revealed
that these conditions are associated to an enhancement
(weakening) of moisture transport towards the SACZ
(northeastern Argentina), suggesting less frequency of
low-level jet events.

In winter, high SIC conditions are associated to high
pressure covering much of southern South America
and the Antarctic Peninsula, with a ridge axis at mid-
levels over northern Chile which leaves central and
northern Argentina in a region prone to subsidence, and
explains the drier conditions found there. Downstream
of the aforementioned ridge, a trough axis leads to more
precipitation over the Atlantic Ocean east of SESA. In
terms of precipitable water, high SIC anomalies over
the Weddell were found to be linked to drier (moister)
conditions in central and southern (northeastern) South
America. This suggests that positive SIC anomalies
over the Weddell lead to a delay in the onset of the
convective activity associated to the South American
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Figure 12. October (top) and November (bottom) mean precipitation difference composites of high minus low cases in Weddell SIC in the
preceding September. Units are mm day−1. The top panel also shows the locations of rivers (in italic) and discharge gauge locations. The black

thick lines denote regions where precipitation differences are significant at the 99% confidence level.

Monsoon over central South America particularly around
September–October.

SIC anomalies over the Weddell Sea during the
peak of sea ice extension in the SH (i.e. Septem-
ber) are predictors of significantly drier (moister) condi-
tions over northeastern Argentina and Uruguay (eastern

Brazil). High SIC cases in September are associated to
a cyclonic anomaly over SESA which persists during
the following two months and determines a distinct pat-
tern of reduced (enhanced) precipitation over northeastern
Argentina (eastern Brazil). These anomalies alter the river
discharges of some basins across eastern South America,
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Table 4. October median streamflow at selected gauging stations (first column), and anomalies in months when the previous
September had extreme SIC in the Weddell region (second and third columns) with effects of ENSO and SAM removed from

all time series.

Q median
(m3 s−1)

Q mean absolute
difference in

high SIC (m3 s−1)

Q mean absolute
difference in

low SIC (m3 s−1)

r (p-Value)

Paso de los Libres (Uruguay River) 6864 −2343 413 −0.33 (0.32)
Salto Caxias (Iguazu River) 1979 −855 464 −0.36 (0.27)
Jupia (Parana River) 4064 161 −528 0.26 (0.43)
Itaipu (Parana River) 8585 720 −1047 0.17 (0.62)
Tres Marias (Sao Francisco River) 245 31 −43 0.17 (0.61)
Itaparica (Sao Francisco River) 964 103 −66 0.15 (0.67)

Table 5. November median streamflow at selected gauging stations (first column), and anomalies in months when the previous
September had extreme SIC in the Weddell region (second and third columns) with effects of ENSO and SAM removed from

all time series.

Q median
(m3 s−1)

Q mean absolute
difference in

high SIC (m3 s−1)

Q mean absolute
difference in

low SIC (m3 s−1)

r (p-Value)

Paso de los Libres (Uruguay River) 4372 −2185 5178 −0.62 (0.04)
Salto Caxias (Iguazu River) 1430 −358 1273 −0.63 (0.04)
Jupia (Parana River) 4744 421 −258 0.13 (0.70)
Itaipu (Parana River) 8767 −264 984 −0.14 (0.68)
Tres Marias (Sao Francisco River) 442 0 −91 0.26 (0.44)
Itaparica (Sao Francisco River) 1590 112 −590 0.38 (0.25)

and consequently they can be used as a seasonal predic-
tion tool for river management.
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