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ABSTRACT

This study investigates atmospheric blocking over eastern South America in austral summer for the period

of 1979–2014. The results show that blocking over this area is a consequence of propagatingRossbywaves that

grow to large amplitudes and eventually break anticyclonically over subtropical South America (SSA). The

SSA blocking can prevent the establishment of the South Atlantic convergence zone (SACZ). As such, years

with more blocking days coincide with years with fewer SACZ days and reduced precipitation. Convection

mainly over the IndianOcean associatedwithMadden–Julian oscillation (MJO) phases 1 and 2 can trigger the

wave train that leads to SSA blocking whereas convection over the western/central Pacific associated with

phases 6 and 7 is more likely to lead to SACZ events. It is found that the MJO is a key source of long-term

variability in SSA blocking frequency. The wave packets associated with SSA blocking and SACZ episodes

differ not only in their origin but also in their phase and refraction pattern. The tropopause-based method-

ology used here is proven to reliably identify events that lead to extremes of surface temperature and pre-

cipitation over SSA. Up to 80% of warm surface air temperature extremes occur simultaneously with SSA

blocking events. The frequency of SSA blocking days is highly anticorrelated with the rainfall over southeast

Brazil. The worst droughts in this area, during the summers of 1984, 2001, and 2014, are linked to record high

numbers of SSA blocking days. The persistence of these events is also important in generating the extreme

impacts.

1. Introduction

Atmospheric blocking represents an important fea-

ture for regional climate and weather patterns and plays

an important role in extreme events of temperature and

precipitation (e.g., Buehler et al. 2011; Sillmann et al.

2011). Blocking is often associated with heat waves and

droughts in the summer and conversely with cold spells in

the winter. For this reason, much effort has been made

over the years to improve our understanding of the phys-

ical mechanisms related to the intensity and frequency of

atmospheric blocking, particularly for the Northern

Hemisphere. Blocking is often related to the breaking of

Rossby waves (e.g., Pelly andHoskins 2003), which occurs

on a larger scale than the transient, filamentary, equator-

ward, LC1-type breaking of Thorncroft et al. (1993).

In the Southern Hemisphere, several studies show that

traditionalmidlatitude blocking, resulting frompersistent

large-scale Rossby wave breaking associated with the

split of the jet, occurs mainly in the western Pacific sector

(Trenberth andMo 1985;Wright 1994; Tibaldi et al. 1994;

Berrisford et al. 2007; O’Kane et al. 2013; and references

therein). Blocking in this area exerts great influence on

Australian weather and climate and for this reason it has

been comprehensively described in the literature (Pook

et al. 2013; Parker et al. 2014; Reeder et al. 2015). The

wave breaking produces low-level anticyclonic circula-

tion that is often associated with heat waves and sup-

pression of rainfall over southernAustralia, which in turn

is responsible for the most destructive wildfires (Parker

et al. 2014; Reeder et al. 2015). Moreover, cutoff lows

occur simultaneously on the equatorward side of the high,

leading to excess precipitation in northeastern Australia

(Pook et al. 2013; Reeder et al. 2015).

Persistent anomalous anticyclonic circulation can

occur over subtropical South America during the wet
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season in austral summer, causing deficient rainfall

(Coelho et al. 2016a,b). However, most studies of South-

ern Hemisphere blocking do not identify subtropical

South America as a region where blocking occurs. This

might be related to the methodology commonly used

based on the reversal of the meridional geopotential

height gradient (Damião Mendes and Cavalcanti 2014;

Oliveira et al. 2014). In contrast, Berrisford et al. (2007)

used a potential vorticity approach and did identify

anticyclonic wave-breaking episodes in the South

American–western SouthAtlantic sector during summer.

They noticed that the wave-breaking structure in these

cases was not equivalent barotropic and did not block the

westerly flow, partially because they are located on the

equatorward side of the jet. As such, these subtropical

wave-breaking episodes were not considered by the au-

thors to be examples of blocking. Moreover, they did not

investigate the impacts of these wave-breaking episodes

on surface properties such as precipitation and air tem-

perature. There is naturally some disagreement between

studies on whether such low-latitude events should be

classed as blocking (Davini et al. 2012).

The South Atlantic convergence zone (SACZ) is the

main source of rainfall for subtropical South America

(Vera et al. 2006; Marengo et al. 2012) and is charac-

terized by a band of strong precipitation oriented

northwest–southeast, from the Amazon, over southeast

Brazil toward the western South Atlantic (Liebmann

et al. 1999; Carvalho et al. 2004). The area of southeast

Brazil is heavily populated, home to more than 80

million people, and responsible for 60% of the Brazilian

gross domestic product. Failure in the development of

the SACZ in the summer can lead to water, food, and

power shortages. For instance, the summer of 2013/14

was unprecedentedly dry, resulting in the worst water

shortage in São Paulo’s history (Coelho et al. 2016a,b).

This event was linked to a persistent anomalous anti-

cyclonic circulation over southeast South America that

prevented the establishment of the SACZ.

Earlier studies have shown that the SACZ varies

strongly on intraseasonal time scales and for this reason

the Madden–Julian oscillation (MJO; Madden and

Julian 1994) can modulate the SACZ (Nogués-Paegle
andMo 1997; Carvalho et al. 2002, 2004; Liebmann et al.

2004; Gonzalez and Vera 2014). The MJO represents a

coupled pattern between atmospheric circulation and

tropical deep convection that propagates eastward

around the global tropics with a periodicity of approxi-

mately 30–60 days [for a comprehensive review, see

Zhang (2005)]. The MJO influences the phase of the

midlatitude synoptic disturbances that affect the SACZ

(Liebmann et al. 2004). When convection is stronger

near the date line and suppressed over Indonesia, the

SACZ tends to be enhanced (Nogués-Paegle and Mo

1997; Carvalho et al. 2004). It is not clear if the MJO can

also be related to persistent anomalous anticyclonic

circulation, which then prevents the establishment of the

SACZ, such as the event of the summer of 2013/14.

The goal of this study is to examine the subtropical

SouthAmerica wave-breaking events of Berrisford et al.

(2007) in more detail, by assessing their links to tropo-

spheric circulation and surface impacts. We will show

that these events do have much in common with sum-

mertime midlatitude blocking, in particular in their as-

sociation with high surface temperatures and deficient

rainfall. The anomalous summer of 2013/14 is a striking

example of the societal impact of these events. We also

aim to improve our understanding of the mechanisms

that lead to wave breaking over this region, in order

to potentially increase our capability of forecasting

such events.

2. Data and methodology

The data used in this study to compute the wave-

breaking index and the composites are obtained from

the European Centre for Medium-Range Weather

Forecasts (ECMWF) ERA-Interim reanalysis for the

period of 1979–2014 (Dee et al. 2011). Daily values are

obtained by averaging the 6-hourly data of potential

temperature, geopotential height, zonal and meridional

components of the wind, mean sea level pressure, and

2-m temperature. We also use the 18 3 18 gridded daily

rainfall data provided by the Global Precipitation Cli-

matology Project (GPCP) for the period 1997–2014

(Huffman et al. 2001), the interpolated outgoing long-

wave radiation (OLR) data by Liebmann and Smith

(1996) as a proxy for tropical convection for the period

of 1979–2014, the OLR MJO index provided by Kiladis

et al. (2014) for the same period, and the 1/48 3 1/48
gridded daily sea surface temperature (SST) data from

Optimum Interpolation SST (OISST) for the period

1982–2014 (Reynolds et al. 2007).

Here, we use the methodology adapted by Berrisford

et al. (2007) from Pelly and Hoskins (2003) to compute

an instantaneous 2D wave-breaking index. It is based

on potential vorticity (PV)–potential temperature di-

agnostics. The premise for the formation of a block is

that a substantial mass of low PV subtropical air on a

potential temperature surface is advected poleward

and high PV midlatitude air is advected equatorward.

In the absence of diabatic processes, potential temper-

ature is conserved on a PV surface and we can then

define the wave breaking as a reversal of the gradient of

potential temperature on the dynamical tropopause,

taken as the surface where PV is equal to 22PVunits

1822 JOURNAL OF CL IMATE VOLUME 30



(PVU; 1PVU 5 1026Km2 s21 kg21) in the Southern

Hemisphere. As an example, Fig. 1 shows the potential

temperature at 22 PVU for a day during a wave-

breaking episode over the South American–South At-

lantic sector (158–458S, 308–708W). Pelly and Hoskins

(2003) pointed out that the Lagrangian behavior is more

evident in the potential temperature field on the tro-

popause than in the upper-troposphere height field,

hence our choice of methodology.

We test for wave breaking at all locations between 258
and 758S, on a grid with spacing of 48 latitude and

58 longitude. Boxes with dimensions of 158 latitude by

58 longitude are defined to the south and north of each

central location and the potential temperature is aver-

aged over these areas [similar to Fig. 2 from Pelly and

Hoskins (2003)]. The northern box average is then

subtracted from the southern box average to give a

large-scale measure of the meridional potential tem-

perature gradient. Instantaneous wave breaking occurs

when the wave-breaking index is positive (i.e., when the

potential temperature in the southern box is higher than

that in the northern box). However, to be considered a

large-scale wave breaking, the index has to be positive

for a minimum of 158 of longitude, approximately

1100km in the midlatitudes. A wave-breaking event is

said to occur at a specific longitude when large-scale

wave breaking is detected within 108 of longitude of it.

This index is part of a large family of reversal blocking

indices that generally identify similar features [see

Barriopedro et al. (2010) for a review].

Instantaneous wave-breaking events as described so

far do not take into account the longevity of the reversal.

Therefore, a wave-breaking episode is said to occur at a

particular location when a wave-breaking event remains

there for four consecutive days. Finally, the wave-

breaking episode frequency is defined as the percent-

age of days when a wave-breaking episode occurs

within a specific season.

3. Characterization of wave breaking over
subtropical South America

Figure 2 shows the mean wave-breaking frequency for

austral summer during 1979–2014. As expected, the

spatial distribution of wave-breaking frequency is very

similar to that obtained by Berrisford et al. (2007, their

Fig. 8); that is, wave breaking is more frequent in high

latitudes with values above 20% and peak values greater

than 30% over the coast of Antarctica. In the mid-

latitudes, wave breaking is very weak but there are two

regions of higher-frequency wave breaking in the lower

latitudes, namely in the Australian–east Pacific and

South American–mid-Atlantic sectors (up to 10%–15%

and 15%–20%, respectively). The preference for wave

breaking at these two sectors in the Southern Hemi-

sphere is due to the slowdown of the jet there. Wave

FIG. 1. Potential temperature (K) on the tropopause (22 PVU

surface) for the onset day (15 Jan 2014) of the longest blocking

event over the South America-South Atlantic sector.

FIG. 2.Meanwave-breaking episode frequency forDJFMduring

the period 1979–2014. The contour interval is 5% and the zero

contour is omitted. Shading starts at 5% and gets gradually darker

with increasing contour level.
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breaking tends to occur where the jet weakens, as we

shall see later on. This behavior is also seen in the

Northern Hemisphere (e.g., Gabriel and Peters 2008;

Masato et al. 2009). In contrast, wave breaking is absent

where the jet is strong and thus serves as a good

waveguide, such as over the east Atlantic–Indian

Ocean sector.

Since the objective of this study is to investigate the

impact of wave breaking on South America in austral

summer, from now on we will focus on the wave

breaking over the subtropical South American–mid-

Atlantic sector. We take all grid points in this sector

where the mean wave-breaking frequency is above 5%

(Fig. 2) and use this area to define subtropical South

America (SSA) blocking. Here, we define blocking

as the large-scale wave-breaking episodes captured by

our index. The annual distribution of SSA blocking

frequency shows that austral summer [December–

February (DJF)] is the period with most SSA blocking

days (Fig. 3). However, March also presents a high

number of SSA blocking frequency surpassing Decem-

ber. For this reason, we will include March in our ana-

lyses for austral summer [December–March (DJFM)].

For the 36-yr period of 1979–2014, we found a summer

blocking frequency of 17.7% over SSA (772 out of a

possible 4356 DJFM days). For comparison, this mag-

nitude is very similar to that encountered by Barnes

et al. (2012) for blocking over the Euro-Atlantic sector

in boreal summer. Figure 3 also shows the seasonal cycle

of the eddy-driven jet latitude in the South Atlantic,

following the methodology of Woollings et al. (2014).

This shows a polewardmigration of the jet fromOctober

to February, with SSA blocking occurring on the equa-

torward side of the jet during the months when it is

positioned farthest poleward. As a consequence, there

is a larger region of weak westerlies and anticyclonic shear

on the equatorward side of the jet so that large-scale wave

breaking can occur there. This is similar to the equator-

ward flank of the Northern Hemisphere jet streams (e.g.,

Gabriel and Peters 2008).

We have also computed the duration of blocking

events (Fig. 4) since, as we shall see, persistence of

blocking days leads to stronger extremes of temperature

and precipitation. We first define the onset day as the

first day considered as part of a blocking episode, after 4

consecutive days without blocking. Then we define the

decay day in a similar fashion as the last day as part of a

blocking episode before 4 days without blocking. This

procedure yields 106 onset days fromwhich the duration

is measured. The majority of SSA blocking events last 4

or 5 days (31% and 19%, respectively). Then the num-

ber of blocking events gradually decreases as the dura-

tion increases up to 12 days. After that, there are two

15-day events and one 18-day event. Most striking is the

persistent event that lasts 30 consecutive days starting on

15 January 2014. Its impact will be discussed separately

in section 4.

The general behavior of the SSA blocking events is

investigated now by plotting composites of various fields

FIG. 3. Histogram of frequency of SSA blocking days per month

for the period of 1979–2014 (left axis). Solid line represents the

mean latitude of the jet in the South Atlantic sector averaged over

08–608W (right axis).

FIG. 4. Number of SSA blocking events in DJFM for the period of 1979–2014 lasting at least

a given number of days (duration). The total number of events is 106.
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on the onset day, 2 days before onset and 2 days after the

decay day. The statistical significance of the composites

is evaluated using a Monte Carlo test, randomly select-

ing the same number of blocking days from the clima-

tological sample. This process is repeated 10 000 times

and grid points where the composite mean is in the most

extreme 5% of the surrogate composite mean are con-

sidered significant. The temporal evolution of the wave

breaking is shown through the composites of potential

temperature on the tropopause (Fig. 5). First inspection

shows that the morphology of the SSA wave breaking is

anticyclonic (anticlockwise); that is, cold air moves

equatorward and westward (negative values in blue) to

the east of warm air that moves poleward and eastward

(positive values in red). The anomalies are strongest on

the onset day with the boundary between the two air

masses intersecting the South American coast north of

308S; they are practically absent two days after the decay

day. The full field (contours) shows prominent bending of

the 360-K isentrope on the onset day. While individual

events are constrained to exhibit a large-scale reversal of

the meridional gradient, as in the example in Fig. 1, the

picture is smoothed in Fig. 5 by compositing events from

slightly different positions.

The cyclonic anomalies on the equatorward side of

the wave breaking (not shown) disappear in the mid-

troposphere where positive geopotential height anom-

alies dominate, centered at 408S and 408W on the onset

day (shading in Fig. 6). This is similar to the Eurasian

blocking events described in Masato et al. (2012). The

wave-breaking pattern causes an intensification of the

westerly jet between the aforementioned positive

FIG. 5. Composites of anomalies (shading) and full field (con-

tours) of potential temperature on the tropopause (22 PVU sur-

face) for the SSA blocking events in DJFM: (a) 2 days before the

onset day, (b) on the onset day, and (c) 2 days after the decay day.

There are 106 onset and decay days. Contour interval is every 10K

starting from 310K (southern contour). Gray dots indicate areas

where the composites are statistically significant different from the

climatology at 95% confidence level.

FIG. 6. Composites of geopotential height anomalies at 500 hPa

(shading; m) and zonal wind speed anomalies at 500 hPa (contours;

m s21) for the SSA blocking events in DJFM: (a) 2 days before the

onset day, (b) on the onset day, and (c) 2 days after the decay day.

Contour interval is 1m s21 with negative contours dashed and the

zero contour omitted; only statistically significant contours are

plotted. Gray dots indicate areas where the composites of geo-

potential height anomalies are statistically significantly different

from the climatology at 95% confidence level.
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geopotential height anomalies and the negative

anomalies over the tip of South America (solid con-

tours in Fig. 6b). Note that the mean position of the

jet at this time of the year is around 448S (Fig. 3).

Before and after the blocking, changes in the jet over

the SSA region are not significant, but the incoming

wave prior to blocking onset is clear (Figs. 6a,c).

The impacts of SSA blocking on the mean sea level

pressure (MSLP), precipitation, and air temperature at

2m are now analyzed for the onset day (Fig. 7). The

spatial pattern of MSLP is very similar to that of geo-

potential height at 500hPa with positive anomalies over

eastern South America and the South Atlantic (cf.

Figs. 7a and 6b). The South Atlantic subtropical high is

displaced to the west when compared to its climatological

position (represented by the bold contour in Fig. 7a).As a

consequence, convection is prevented and pre-

cipitation is deficient over a band oriented northwest–

southeast, from southeast Brazil toward the western

South Atlantic (Fig. 7b). This practically coincides with

the position of the SACZ and suggests that blocking

episodes can prevent the development of the SACZ.

The negative anomalies of precipitation reach

3mmday21, which is a similar order of magnitude to the

climatology there (the bold contour in Fig. 7b represents

4mmday21).

In addition, there is an increase in surface air tem-

perature over the area where midtroposphere positive

geopotential height anomalies dominate (Fig. 7c). This

is probably due to the subsidence and lack of cloud cover

associated with the blocking. The temperature anoma-

lies are relatively weak reaching only 1K. Nevertheless

they are statistically significant. The impact of blocking

on the surface temperature becomes more evident when

we look at temperature extremes. We calculate the

percentage of days in which temperature extremes

(above the 99th percentile) occur simultaneously with

SSA blocking for each grid point (Fig. 8). The associa-

tion of SSA blocking to temperature extremes is clear:

between 50% and 80% of warm temperature extremes

over southeast Brazil occur during SSA blocking days.

In summary, we find that the SSA events exhibit a

clear signature of large-scale wave breaking on the tro-

popause. The associated reversal of the meridional

gradient in potential temperature is relatively shallow,

but the events are nevertheless associated with anticy-

clonic flow through the depth of the troposphere and

significant anomalies in surface temperature and pre-

cipitation. The position of the blocking varies for the

different individual events and this can explain the weak

anomalies shown in the composites. The individual

events used to construct the composites have similar

FIG. 7. Composites of anomalies of (a) MSLP,

(b) precipitation, and (c) temperature at 2 m, for the SSA

blocking events in DJFM on the onset day (shading). The

contours display the climatological mean. In (a)–(c), contour

intervals are every 5 hPa, 1 mm day21, and 2 K, respectively;

bold lines are 1015 hPa, 4 mm day21, and 290 K, respectively.

Gray dots indicate areas where the composites are statistically

significantly different from the climatology at 95%

confidence level.

FIG. 8. Percentage of warm temperature extremes (defined as

99th percentile) occurring simultaneously with SSA blocking for

each grid point. Contour interval is every 10% starting from 50%.

Grid points are masked in white when the relationship is not sta-

tistically significant at the 99% confidence level.
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features but larger amplitudes, as we shall see in the

next section for the summer of 2013/14 (Fig. 9).

4. The summer of 2013/14

Extreme events of temperature and precipitation are

generally associated with persistent individual blocking

events. In this section we focus on the summer of 2013/14,

not only because it was unprecedentedly dry and warm but

also because it featured a record number of blocking days

(Figs. 9 and 10, respectively). The time series of the number

of SSA blocking episode days per summer (DJFM) shows

that there were 50 blocking days during the summer of

2013/14 (solid black line in Fig. 10a). This value is above

three standard deviations (solid black line in Fig. 10b).

Moreover, one event lasted 30 days from 15 January 2014

(shown in Fig. 1) to 13 February 2014. To put this in con-

text, the second longest event in the period considered in

this study lasted 18 days (Fig. 4).

The impact of persistent blocking on the surface can

be seen clearly in Fig. 9. The pattern of MSLP is similar

to that obtained from the composite of all events,

displaying a wave pattern with negative anomalies over

the tip of South America and positive anomalies over

the SSA region (cf. Figs. 7a and 9a). The amplitude

of the MSLP anomalies is, however, slightly larger,

reaching up to 14 hPa near the SSA region. It is also

clear that this persistent event led to deficient rainfall

and surface warming in the SACZ area (Figs. 9b,c). The

precipitation anomalies reach up to210mmday21 with

temperatures 5K higher than the mean in southeast

Brazil (box in Fig. 9b). Moreover, daily precipitation

averaged over southeast Brazil (box in Fig. 9b) was be-

low the climatological mean during 95% of the time and

below one standard deviation during 75% of the time

(considering the entire 30-day episode). It is noteworthy

that the second- and third-worst droughts in southeast

Brazil also occur during years with a very high number

of blocking days, respectively in 1984 and 2001. The

latter was responsible for a widespread shortage of en-

ergy in Brazil (Drumond and Ambrizzi 2005). In addi-

tion to the dry anomalies, Fig. 9b shows that SSA

blocking leads to excess rainfall over the neighboring

Amazon, Uruguay, Paraguay, and northern Argentina

regions, at least for persistent events like the summer of

2013/14. In southern South America, this might be due

to the fact that anticyclonic system blocks the equator-

ward propagation of cold fronts that otherwise would

help the establishment of the SACZ over southeast

Brazil (Nieto-Ferreira et al. 2011). The cold fronts sud-

denly stall and become stationary over southern South

America, causing the excess precipitation there.

Note that the positive MSLP anomalies over the SSA

area are not statistically significant for this persistent

event. This is probably due to the fact that the heating

near the ground can lead to the formation of a cyclonic

thermal low with opposite near-surface circulation

(Fischer et al. 2007). For this reason, Pfahl and Wernli

(2012) suggest that atmospheric blocking in the middle

to upper troposphere is a better predictor of surface

warm and dry extremes. Moreover, the surface warming

is collocated with the region of anticyclonic circulation

in the upper-middle troposphere (not shown) and de-

ficient rainfall (Fig. 9b), suggesting that the subsidence

and clear-sky radiative forcing are responsible for the

warming rather than the advection of warm air, which is

weak over this area (Pfahl and Wernli 2012; Stefanon

et al. 2012).

Our results also corroborate the suggestion by Pfahl

and Wernli (2012) that the duration of the event is

crucial for the extremewarm conditions over land due to

its role in the depletion of soil moisture and an

FIG. 9. As in Fig. 7, but for the 2014 event (15 Jan–13 Feb 2014)

without the climatological means. Box in (b) encompasses southeast

Brazil (168–268S, 408–488W), where precipitation is averaged to pro-

duce the time series discussed in the text. Contours in (c) show SST

anomalies in the South Atlantic (isotherms of 18, 28, and 38C).
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associated increase in sensible heat fluxes. Over the

ocean, De Almeida et al. (2007) show that there is a

negative thermodynamic feedback between the

SACZ and the underlying SST anomalies over the

western South Atlantic, in which the presence of

clouds leads to a SST cooling and vice versa. Indeed

for this persistent event, the lack of clouds leads to an

increase in the SST of up to 38C in the western South

Atlantic, extending eastward along the basin (con-

tours in Fig. 9c). This effect, however, is not observed

when all blocking events are considered (not shown),

emphasizing the importance of the duration of

blocking.

5. Variability associated with the subtropical South
America blocking

From previous sections, it has become clear that SSA

blocking can lead to deficient rainfall and tempera-

ture extremes with devastating socioeconomic conse-

quences. In addition, the number of SSA blocking

episode days per summer varies greatly from year to

year (Fig. 10). We now show that precipitation averaged

over southeast Brazil (box in Fig. 9b) is anticorrelated to

the number of SSA blocking days (Fig. 10b). The cor-

relation coefficient is 20.65 for the period 1979–2014,

which explainsmore than 40%of the variance. Note that

in El Niño years the relationship between pre-

cipitation and the number of SSA blocking days

breaks down, in particular for 1982/83, 1991/92, 1994/

95, 1997/98, and 2004/05. As a consequence, the corre-

lation between precipitation and SSA blocking de-

teriorated in the 1990s when El Niño events were more

frequent. Excluding the 1990s, the correlation coefficients

between the two time series are20.78 and 20.86 for the

periods of 1979–91 and 2000–14, respectively. Note that

the time series of number SSA blocking days are not

correlated to either El Niño–Southern Oscillation

(ENSO) or the southern annular mode (SAM), the

dominant modes of climate variability in the Southern

Hemisphere.

To understand this relationship between SSA block-

ing and precipitation we need to understand the link

between blocking and the SACZ based on our hypoth-

esis that SSA blocking causes the persistent anticyclonic

anomalies that can prevent the establishment of the

SACZ, which in turn is the main source of rainfall over

the SSA region during the summer. So presumably years

with more blocking days coincide with years with fewer

SACZ days and less precipitation. To define a SACZ

event, we carry out an empirical orthogonal function

(EOF) analysis on daily OLR anomalies over the region

358S–08, 808–208W that encompasses the SACZ (van der

Wiel et al. 2015). Using a similar methodology to

FIG. 10. Time series of SSA blocking (solid black) and SACZ (dashed gray) days per

summer (DJFM) for the period of 1979–2014 (depicted are the years referent to JFM). They

are statistically anticorrelated at the 95% confidence level (20.37). (b) Time series of SSA

blocking (solid black) and precipitation (dashed black) over southeast Brazil (box in Fig. 9b),

normalized by their respective means and standard deviations. Note that the time series of

precipitation is multiplied by 21 for easy comparison.
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Matthews (2012) for the South Pacific convergence

zone, an SACZ episode was defined when the principal

component of the first leading mode exceeded 11

standard deviation and lasted for 4 days [instead of 25

and 15 days used by Matthews (2012) to be consistent

with the blocking index methodology]. The correlation

coefficient between the time series of precipitation and

that of SACZ episode days per summer is 10.75, im-

plying that the SACZ explains more than 50% of pre-

cipitation variability in the summer. The time series of

SACZ episode days per summer is statistically signifi-

cantly anticorrelated to that of SSA blocking, with a

correlation coefficient of 20.37 (gray and black lines,

respectively, in Fig. 10a). Again, El Niño events degrade

this relationship; excluding the 1990s, the correlation

coefficient is20.48 and20.52 for the periods of 1979–91

and 2000–14, respectively.

It is also important to investigate what differentiates

years with more SSA blocking days (and fewer SACZ

events) from those years with fewer blocking days (and

more SACZ events). We begin by analyzing the period

prior to wave breaking to identify any consistent

precursors. We compare time-lagged composites of

geopotential height anomalies at 200 hPa over the

6 days prior to the onset of blocking episodes to those

for SACZ episodes (Fig. 11). A Rossby wave packet

propagates eastward along the jet from the Indian

Ocean to the tip of South America, where it is re-

fracted equatorward (Figs. 11a–d). In the SACZ

composites, in contrast, the wave packet seems to

originate in the Pacific and not in the Indian Ocean

(Figs. 11e–h). The anomalies of geopotential height

over the Indian Ocean are not as coherent to those

over the Pacific Ocean for the SACZ case (Fig. 11e)

as they are for the SSA case (Fig. 11a). The contour

lines in Fig. 11 show lagged regressions of the height

anomalies against the height over the SSA region

using all summer days from the 1979–2014 period.

The resulting wave train is very similar to the SSA

composite, underscoring that this is the dominant

precursor to SSA variability. Moreover, the signal

over the Indian Ocean that appears in the regression

contours at 26 lags coincides solely with the anoma-

lies for the SSA case (cf. Figs. 11a,e).

FIG. 11. Time-lagged composites of geopotential height anomalies at 200 hPa (shading; m) for the SSA blocking

events in DJFM: (a) 26 days, (b) 24 days, (c) 22 days, and (d) onset day. (e)–(h) As in (a)–(d), but for SACZ

events. Contours represent regression of geopotential height anomalies at 200 hPa over the SSA point (408W, 408S)
against geopotential height anomalies at 200 hPa for DJFM at the same lags (every 10m).
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To help us to identify the source of variability, we also

calculate the Rossby wave source (RWS) for both cases,

using the formulation by Sardeshmukh and Hoskins

(1988). The RWS is defined as 2= � (yx � z), where yx is

the divergent component of the horizontal velocity field

at 200hPa and z is the absolute vorticity. The RWS can

be used to examine the mechanisms by which the mid-

latitude circulation responds to changes associated with

tropical convection. TheRWS is largest in regions where

divergent winds and gradients in absolute vorticity are

largest. Therefore, a strongRWS occurs in the jet stream

regions where large gradients in vorticity occur pole-

ward of diabatic tropical heating. These regions are the

locations of wave train excitation. Color shading in

Fig. 12 shows the RWS averaged over a 6-day period

prior to the onset for both cases. Indeed, a strongRWS is

present in the Indian Ocean for the SSA blocking case

and over the western Pacific (between Australia and

New Zealand sector) for the SACZ case (values above

0.23 1029 s22). We also show the standard deviation of

Rossby wave source (gray contours in Fig. 12), which

can be interpreted as an estimate of the intraseasonal

variability. Again Rossby wave source is very active

along the jet core in the Indian Ocean only for the SSA

blocking case (Fig. 12a), suggesting that variability in

that sector (associated with tropical convection as we

shall see in next section) can excite fluctuations re-

sembling the wave pattern shown in Figs. 11a–d. In other

words, the strong jet structure provides a strong back-

ground vorticity gradient, forming the strongest RWS

area. For the SACZ case, the Rossby wave source ac-

tivity is concentrated in the Pacific Ocean (Fig. 12b),

which is more consistent with the seasonal mean for

austral summer [see Figs. 14a,b from Ding et al. (2012)].

More recently, O’Kane et al. (2016) have shown that the

Indian Ocean midlatitudes are also an important source

of Rossby waves in the summer and autumn.

Note that since the SSA blocking events are by defi-

nition events of Rossby wave breaking over South

America, we see very little propagation beyond South

America. In contrast, the SACZ wave packet does not

break over South America. This is consistent with the

work of van derWiel et al. (2015), who showed continued

propagation of the SACZ wave over the region. More-

over, convection associated with SACZ is likely to trigger

more wave activity downstream. Indeed, the geopotential

height anomalies are more intense and propagate around

the globe for the SACZ composites (Fig. 11). This also

explains more global RWS activity for the SACZ case

(Fig. 12). Thus the impacts of the SACZ go beyond South

America. Grimm and Reason (2015) have shown, for

instance, that convection over South America affects

FIG. 12. Rossby wave source (shading; 1029 s22), standard deviation of Rossby wave source

(gray contours above 1 3 1029 s22; 0.1 3 1029 s22 contour interval), and isotachs of 200-hPa

zonal wind (black contours above 25m s21; 5m s21 contour interval) for (a) SSA blocking

events and (b) SACZ events.
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southern African rainfall, while Reeder et al. (2015) have

shown that Rossby waves originating in South America

can lead to extreme summertime cold fronts associated

with the most catastrophic bush fires in Australia.

The regression pattern also serves as a marker against

which to highlight differences between the SSA and

SACZ composites. For example, color contours in

Fig. 11 show that the refraction pattern of the wave

packet over the tip of South America is different, in

particular on the onset day. For both cases, the ampli-

tude of the wave packet increases and at the same time

its wavelength decreases, consistent with Rossby wave

propagation theory (Webster and Chang 1998). How-

ever, the refraction path is different with the SSA wave

packet propagating toward the South Atlantic while the

one associated with the SACZ propagates more aligned

with the east coast of South America. This is due to the

distinct locations of the jet exit (›u/›x , 0) over the

southwestern South Atlantic for both cases (black con-

tours in Fig. 12). The jet exit is closer to South America

for the SACZ case. It is also clear that the jet is stronger

over the east Atlantic–Indian Ocean sector in both ca-

ses, explaining the absence of wave breaking in this

sector (Fig. 2). In addition, the phase differs between the

two cases. For example, the SSA blocking composite at

day 22 features positive geopotential height anomalies

over the Amundsen Sea followed by negative anomalies

over the tip of South America and positive anoma-

lies over the SSA region. The opposite is true for the

SACZ composite (Fig. 11). Although there is a phase

shift of about half their wavelengths, with the length of

SACZ wave is shorter than that of the SSA wave. This is

due to the fact that for the SACZ the jet exit is closer to

the tip of South America. The work by Webster and

Chang (1998) on Rossby wave propagation in a hetero-

geneous zonal flow shows that when ›u/›x , 0, the

wavenumber increases (wavelength decreases) along a

ray. As thewavenumber increases, the longitudinal group

speed will decrease and wave energy density will increase

[for a detailed discussion see Widlansky et al. (2011)].

Thus, the SACZ wave has a shorter length and larger

group velocity (explaining the phase shift). Widlansky

et al. (2011) showed for the South Pacific that where the

wave group velocity is reduced, the wave energy locally

increases, resulting in a highly energetic convective re-

gion that develops oriented diagonally away from the

equator. This is consistent with our results for SACZ.

6. Tropical precursor to the subtropical South
America blocking

Wenow need to investigate what triggers the different

wave patterns we have seen in the previous section. It is

important to know if there is a precursor to SSA

blocking and/or to the SACZ in order to improve our

capability of predicting rainfall over this area. Earlier

studies have shown that the SACZ variability is associ-

atedwith theMJO (Kousky andKayano 1994; Jones and

Carvalho 2002; Carvalho et al. 2004). In particular,

Carvalho et al. (2004) show that SACZ events lasting

longer than 3 days are modulated by the MJO, mainly

when convection is prominent over the western/central

Pacific and suppressed over the Maritime Continent.

MJO convection triggers the so-called Matsuno–Gill

response serving as a wave source for poleward propa-

gation of Rossby waves in both hemispheres (Matsuno

1966; Gill 1980). In particular, it has been well docu-

mented that the MJO can trigger an extratropical wave

train that resembles the Pacific–North American tele-

connection pattern (Adames and Wallace 2014, and

references therein).Moreover, theMJO has been linked

to blocking in the Northern Hemisphere (Moore et al.

2010; Hamill and Kiladis 2014; Henderson et al. 2016).

The MJO is therefore a likely candidate to be a pre-

cursor to SSA blocking. Given the apparent difference

in wave origin in Figs. 11 and 12, it is possible that

convection over the Indian Ocean associated with MJO

phases 1 and 2 could trigger the wave train that leads to

SSA blocking, whereas convection over the western/

central Pacific associated with phases 6 and 7 is more

likely to lead to SACZ events. The latter resembles the

Pacific–South American teleconnection pattern (Mo

and Paegle 2001). To test this hypothesis, we have

performed a maximum covariance analysis (MCA) of

daily OLR anomalies over the tropical belt (308N–308S)
and geopotential height anomalies at 200 hPa over the

area surrounding South America (08–1508W, 08–908S)
for all summers (DJFM) for the period 1979–2014

(Bretherton et al. 1992). The MCA provides the domi-

nant spatial patterns of covariability between the two

fields. The leading mode is associated with ENSO (not

shown) accounting for 12% of the squared covariance.

For the second mode (Fig. 13), enhanced convection

over the Indian Ocean (negative values of OLR) and

suppressed convection over the Pacific (positive values

of OLR) occur in association with a Rossby wave train

pattern similar to that associated with the SSA blocking.

The advection of planetary vorticity by the divergent,

upper-tropospheric outflow from the enhanced convec-

tion in the Indian Ocean excites the SSA Rossby

wave train pattern, consistent with the RWS anal-

ysis (Fig. 12a). The OLR pattern resembles MJO phases

1 and 2. The secondmode explains 8% of the covariance

but is well separated from the remaining modes

(Fig. 13b).Moreover, the time series of the secondmode

(not shown) is significantly correlated to those of SSA
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blocking days and precipitation, with correlation co-

efficients of 0.40 and 20.38, respectively.

To confirm that the MJO influences SSA blocking we

now compute SSA blocking frequencies for each MJO

phase by taking the number of blocked days during a

givenMJO phase at 0 lag divided by the total number of

days within that MJO phase (Fig. 14). This methodol-

ogy was based on Henderson et al. (2016). Here we use

the MJO index by Kiladis et al. (2014) because it is

computed fromOLR data only, which is recommended

when the convection signal is of primary interest.

Figure 14 suggests that SSA blocking frequency in-

creases during MJO phases 1, 2 (in the west of our re-

gion), and 5, when convection is mainly over the

African continent and Indian Ocean and to a lesser

extent over the Maritime Continent; and it decreases in

phases 4, 6, and 7 when convection is over the western

and central Pacific (although, the decrease in blocking

frequency for phases 4, 6, and 7 is not statistically sig-

nificant). We speculate that MJO phases 1, 2, and 5

trigger Rossby wave trains with the same phase that

leads to SSA blocking, whereas MJO phases 4, 6, and 7

trigger Rossby wave trains with the phases that en-

hance SACZ. We have also performed the same anal-

ysis except with MJO leading at 6-, 4-, and 2-day lags

and found similar results for the SSA region (not

shown). We also note in passing that Fig. 14 demon-

strates that the MJO clearly modulates blocking ac-

tivity at many other locations around the Southern

Hemisphere.

Finally, computing the time series of SSA blocking

episode days per summer excluding those days when

blocking occurs simultaneously with MJO phases 1 and

2 shows a strong reduction in the number of blocking

days (Fig. 15a). From a total of 624 blocking days inDJF,

343 days occur during phases 1 and 2, representing 55%

of blocking days. The long-term variability in blocking is

also reduced, for example in the period of increasing

blocking occurrence in 2000–14. As a part of this, the

extreme seasons are strongly affected, with no summers

exceeding 20 days of blocking once these MJO phases

are discounted. Here we have used DJF because the

changes in frequency of MJO days per phase between

the periods of 1979–99 and 2000–14 are more evident in

DJF, as is the increase in blocking occurrence during the

period of 2000–14 (cf. Figs. 10a and 15a).

This long-term modulation is consistent with the re-

sults by Seth et al. (2015), who showed a relationship

between the precipitation over the southeast Brazil and

the interdecadal Pacific oscillation (IPO). A negative

phase of the IPO is generally associated with a

strengthening of the trade winds over the Pacific that

FIG. 13. The second mode patterns from the MCA of (a) OLR and (c) geopotential height at 200 hPa. The contour

intervals are every 1Wm22 in (a) and 100m in (c). (b) The squared covariance fraction of the first 15 modes.
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FIG. 14. SSAblocking frequency anomalies defined as deviations fromDJFMmean (fromFig. 2)

for each phase of the MJO. Contours encompass areas where the anomalies are statistically sig-

nificant at the 95% confidence level using a Monte Carlo test in which seasons are shuffled ran-

domly with a sample size of 10 000, similar to Scherrer et al.’s (2006) methodology.
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leads to a La Niña–like state with cooling of the tropical

Pacific (England et al. 2014). This mechanism is also

believed to lead indirectly to a warming of the tropical

Indian Ocean (Lee et al. 2015). We also know that the

MJO tends to occur during neutral and weak La Niña
years (Hendon et al. 1999; Zhang 2005). We speculate

that in the last decade or so (2000–14) of negative IPO,

with cooler Pacific and warmer Indian Ocean tempera-

tures, convection would have been enhanced over the

Indian Ocean and suppressed over the Pacific. (The

phase of the IPO changed from positive to negative in

1999–2000.) The MJO would have been more active,

with more days during phases 1 and 2 and fewer days

during phases 6 and 7, which is indeed the case

(Fig. 15b). As a consequence, SSA blocking days have

become increasingly more frequent in the last decade

and SACZ events less so.

7. Summary and conclusions

In this study we have examined wave-breaking events

over the subtropical South American–South Atlantic

sector during austral summer following Berrisford et al.

(2007). We find that although the reversal of the

meridional gradient of potential temperature on the

tropopause is relatively shallow, the events are never-

theless associated with anticyclonic flow through the

upper-middle troposphere and significant anomalies in

surface temperature and precipitation. We therefore re-

fer to these low-latitude wave-breaking events as SSA

blocking events, even though they do not divert or block

the midlatitude westerly flow.

The tropopause-level, PV-based methodology used

here is proven to be a reliable tool to determine blocking

events that lead to extremes of surface temperature and

precipitation. Up to 80% of warm surface air tempera-

ture extremes occur simultaneously with SSA blocking

events. The frequency of SSA blocking days is highly

anticorrelated to the rainfall over southeast Brazil. The

worst droughts in this area during the summers of 1984,

2001, and 2014 are linked to record number of SSA

blocking days. The persistence of these events (i.e., with

many consecutive days of blocking) is also important to

generate the extremes.

We have shown that the SSA blocking can prevent the

establishment of the SACZ. As such, years with more

blocking days coincide with years with fewer SACZdays

and less precipitation. Convection mainly over the

FIG. 15. (a) Time series of total number of SSA blocking episode days per summer (DJF) for

the period of 1979–2014 (solid line) and excluding those days when blocking occurs simulta-

neously withMJOphases 1 and 2 (dashed line). (b) Frequency ofMJOdays per phase for 1979–

2014, 1979–99 (positive IPO), and 2000–14 (negative IPO). Asterisks represent phases when

the differences are statistically significant at the 95% confidence level.
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Indian Ocean associated with MJO phases 1 and 2 can

trigger the wave train that leads to SSA blocking

whereas convection over the western/central Pacific as-

sociated with phases 6 and 7 is more likely to lead to

SACZ events. We find that the MJO modulates the

long-term variability of SSA blocking frequency.

The wave packets associated with SSA blocking and

SACZ episodes differ not only in their origin but also in

their phase and refraction pattern. The SSA wave

packet propagates toward the South Atlantic whereas

the propagation of the SACZ wave packet is more

aligned to the South American coast. This is due to the

location of the jet exit, with the latter being closer to the

tip of South America. Close to the onset day, positive

geopotential height anomalies occur over the Amund-

sen Sea followed by negative anomalies over the tip of

South America and positive anomalies over the SSA,

leading to anticyclonic flow over this region. In contrast,

the phase of the SACZ wave packet is reversed, with

negative geopotential anomalies and thus cyclonic cir-

culation over the SSA area. This circulation pattern is

typical of the South America monsoon system, when the

establishment of the SACZ leads to abundant summer

rainfall.

Further work is needed to understand in more detail

the mechanisms involved in the relationship between

MJO and SSA blocking and also why El Niño events

degrade the relationship between SSA blocking fre-

quency and precipitation over southeast Brazil. Previous

studies have shown thatMJO can enhance predictability

in the Northern Hemisphere subtropics and extratropics

(Cassou 2008; Hamill and Kiladis 2014). However, this

has not been explored for South America.
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