Interannual variability of extratropical transient wave activity
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ABSTRACT: We explore the interannual variability of summertime extratropical transient activity and assess its influence on
rainfall over southeastern South America focusing on Uruguay. Transient wave activity is characterized calculating the group
velocity using daily mean meridional velocity at 300 hPa.

It is found that transient activity shows strong interannual variability consisting in patterns that represent a strengthening of
wave activity in the subtropical Pacific, and meridional shifts in the position of the Pacific and Atlantic storm tracks. Part of the
variability is associated with El Nifio, which strongly influences northern Uruguay. Rainfall in southern Uruguay is correlated
with latitudinal shifts in transient wave activity such that a strengthening in transient energy between 35° and 45°S extending
from the southeastern Pacific into the South American continent favours positive anomalies.

For EI Nifio to induce increased rainfall over southern Uruguay it has to force two stationary waves: one that emanates from
central Pacific describing an arch of low curvature into high latitudes and then towards the south Atlantic and another shorter
wave that emanates from the eastern Pacific turning north-eastward at the latitude of the subtropical jet. When the latter is
strong, surface northerlies reach southern Uruguay destabilizing the atmosphere due to enhanced transport of moisture and
warm air. Coincident changes in transient wave activity south of 35°S increases the associated frontal activity and thus can
induce positive rainfall anomalies by tapping the increased available moisture. In this case, the sea surface temperature (SST)
anomalies are maximum in the central equatorial Pacific. On the other hand, a warmer eastern Pacific generates a stationary
wave that shifts the subtropical jet northward increasing rainfall over south Brazil and decreasing it to the south of Uruguay.
Thus, the summertime influence of EI Nifio over southern Uruguay is strongly dependent on the pattern of equatorial Pacific

SST anomalies.
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1. Introduction

Subtropical South America to the east of the Andes is a
transition region between the central part of the continent
where rainfall is produced mainly by deep moist convec-
tion and the southern part where frontal systems play a
major role in organizing deep convection producing most
of the precipitation (Lenters and Cook, 1995; Garreaud
and Wallace, 1998). Within this region, precipitation over
south Brazil and Uruguay -hereafter called southeastern
South America (SESA) - is quite uniform throughout the
year, contrary to most of the continent which has a marked
seasonal cycle in rainfall amounts. Nevertheless, the mech-
anisms for rainfall production in SESA are seasonally
dependent: frontal systems dominate during the cold sea-
son, while deep convection dominates during the warm
season even though there are still fronts reaching the region
and are important for precipitation production (Garreaud
and Aceituno, 2007; Catto etal., 2012).
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While SESA is often treated as a uniform region to study
its predictability due, e.g. to El Nifio—Southern Oscilla-
tion (ENSO; e.g. Ropelewski and Halpert, 1987; Barreiro
and Tippmann, 2008; Barreiro, 2010), some studies have
shown that the northern part behaves differently from the
southern region, the limit being close to the latitude of
the Negro river in the middle of Uruguay (about 33°S,
see Figure1). In particular, the northern region (north
of Uruguay and south Brazil) has a strong and consis-
tent ENSO impact, while the southern region has a much
weaker ENSO impact (e.g. Pisciottano et al., 1994; Grimm
etal., 2000). This results in higher seasonal predictability
in northern Uruguay than in the south, in particular dur-
ing spring and summer, allowing forecasts to be potentially
useful for applications in the northern region (Berri et al.,
2005). The reasons for this different behaviour, though
hypothesized due to the different role for frontal systems
in organizing and producing rainfall, have not been explic-
itly addressed. This study aims at closing this gap through
studying the interannual variability of atmospheric tran-
sients that affect SESA rainfall during summer.

Given their importance in the development of surface
weather such as cyclogenesis, there is a large literature
about the trajectories of atmospheric transients. Some
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Figure 1. Climatological accumulated rainfall during DJFM in Uruguay

(mm). Also shown are the meteorological stations used in this study.

Stations in the northern region are marked with crosses; stations in the

southern region are marked with open circles. The limit between northern

and southern Uruguay is at about 33°S. The station marked with a filled

circle is neither considered to be in the northern nor in the southern
region.

studies for the Southern Hemisphere (SH) include Tren-
berth (1981, 1982, 1991), Berbery and Vera (1996), Rao
etal. (2002) and Nakamura and Shimpo (2004).

Chang and Yu (1999) developed an efficient method-
ology to track preferred paths of transient eddy and
wave-packet propagation, group speed and wave coher-
ence. Focusing on climatological aspects, they found that
during summertime the SH shows only one waveguide
that circles the globe between latitudes 50°-60°S. More-
over, on average transients propagate along this waveg-
uide with a group velocity of about 20-25ms ™! so that
a wave packet propagates around the latitude circle in
2 weeks (Chang, 1999). Chang (2000) also showed that
upper-level troughs associated with the wave packets were
almost always associated with a surface cyclone develop-
ing just to the east. On interannual time scales, Solman and
Menendez (2002) characterized the variability of winter
storm tracks using the meridional winds at 300 hPa over
the south Pacific—south Atlantic sector. They found that
during EI Nifio wave trains in the subtropical Pacific prop-
agate along a northern path compared to La Nifia events,
consistent with an equatorward shift of the axis of maxi-
mum baroclinicity.

ENSO also affects SESA rainfall during summer, and
many studies have shown that the mechanisms involve
both upper and lower level atmospheric circulation anoma-
lies. The Appendix provides a summary of the anomalies
associated with ENSO. During El Nifio, the northerly flow
from the Amazon basin strengthens increasing the avail-
ability of moisture south of 20°S (e.g. Silvestri, 2004). In
upper levels, the strengthening and meandering of the sub-
tropical jet due to stationary Rossby wave trains forced
from the equatorial Pacific increases baroclinicity and the
advection of cyclonic vorticity over SESA (Yulaeva and
Wallace, 1994; Grimm etal., 2000). These circulation

anomalies provide in turn the dynamic lift for convec-
tion initiation in an unstable environment maintained by
the northerly advection of heat and moisture favouring the
occurrence of mesoscale convective complexes (MCCs)
in the region (e.g. Velasco and Fritsch, 1987; Satyamurty
etal., 1998; Salio etal., 2007). However, this explanation
does not explicitly mention changes in synoptic transients
and their possible role in rainfall anomalies. Thus, this
study has a twofold objective:

- Describe the interannual variability of transient energy
propagation in extratropical South America during
southern summer, relating it to changes in rainfall.

- Determine changes in transient energy propagation dur-
ing ENSO with a focus on the different impacts over
northern and southern Uruguay.

We will show that rainfall over the southern region of
Uruguay is influenced by northward —southward shifts in
the transient wave energy related to changes in the posi-
tion of the subtropical jet. In addition, we found that in
order for El Nifio to induce rainfall anomalies in southern
Uruguay and the Buenos Aires province transient activity
must be increased between 35° and 45°S and moisture flow
anomalies should reach southern Uruguay. Only some El
Nifio events produce a strong anticyclone off south Brazil
that generates stronger northerly winds that bring mois-
ture up to southern Uruguay. These El Nifos also shift
the subtropical jet southward, increasing transient activ-
ity in 35°—45°S. We hypothesize that the fronts associated
with moving disturbances tap the increased moisture sup-
ply from the north creating positive rainfall anomalies in
southern Uruguay.

The study is structured as follows. In the following
section, we describe the data used and the methodol-
ogy employed to characterize transient wave activity — the
group velocity. In Section 3 the interannual variability of
the extratropical group velocity is characterized in terms
of empirical orthogonal functions (EOFs), which are then
related to rainfall over Uruguay in Section 4. In Section 5
we calculate the covariability patterns between subtropical
rainfall and the extratropical group velocity, and compare
them to the average ENSO signal. Section 6 summarizes
the main findings.

2. Data and methodology
2.1. Data

We use both daily and monthly mean data from
the NCEP_Reanalysis 2 data provided by the
NOAA/OAR/ESRL PSD, Boulder, CO, USA, from
their website at http://www.esrl.noaa.gov/psd/ (Kana-
mitsu etal., 2002). The horizontal resolution of the data
set is 2.5° X 2.5° and the period considered spans from
January 1979 to December 2014. We consider only the
summer season defined as the period from 1 December
to 31 March (DJFM season). The first year considered is
the period December 1979—March 1980, and it is noted
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in this study as year 1980; the last season considered is
December 2013-March 2014, thus covering a total of
35 years.

Daily mean meridional velocity at 300 hPa is used to
represent upper level transient behaviour and to calculate
the transient group velocity, as several previous studies
have considered (e.g. Chang, 2000; Solman and Menen-
dez, 2002). As wave energy propagates with the group
velocity, we can consider this quantity as a measure of
transient wave activity. The methodology to calculate the
seasonal average group velocity for individual years is
explained in Section 2.2. Once calculated, the interannual
variability of the group velocity is analysed using EOFs
and a maximum covariance analysis (MCA) with the pre-
cipitation. While the EOFs and their corresponding prin-
cipal components (PCs) provide a way to characterize the
main patterns of interannual variability of the group veloc-
ity, the MCA provides patterns of covariability between the
group Vvelocity and rainfall together with an index of time
evolution for each pattern. As the MCA is based on the
singular value decomposition (SVD), we will refer to the
covariability modes as SVDs.

In order to understand the circulation anomalies asso-
ciated with interannual changes in the transient wave
energy we regressed seasonal mean anomalies of geopo-
tential height at 300 hPa, winds at 300 and 850 hPa,
sea surface temperature (SST) and precipitation onto the
time series associated to the SVDs. SST data is taken
from the Extended Reconstructed SST (ERSST) version
4 (ERSSTv4) data set (Huang et al., 2015). The Nino3.4
index [SST average within (170 =120 W, 5" S-5"N)], cal-
culated using ERSSTv4 data, is constructed to characterize
the ENSO phenomenon.

We consider two data sets for monthly mean rain-
fall. We use precipitation from the Global Precipitation
Climatology Project (GPCP v2.2) from 1979 to 2014,
which combines observations and satellite rainfall data
into 2.5° X 2.5° global grids (Adler etal., 2003). This data
set was also taken from the website of NOAA/OAR/ESRL
PSD, Boulder, CO, USA. Owing to its global coverage,
this data provides a complete view of precipitation anoma-
lies associated with changes in transient wave energy. On
the other hand, the low resolution prevents from looking
into regional details. Thus, to better look at rainfall anoma-
lies over Uruguay, we use monthly mean station data from
the National Weather Service of Uruguay (INUMET) also
during the period 1979-2014. The data set comprises 16
stations covering the whole country and their distribution
is shown in Figure 1.

As mentioned in the Section 1 the northern and southern
parts of Uruguay present different interannual variability
and understanding their differences represents one of the
main objectives of this work. Figure 2 clearly shows that
the ENSO influence is concentrated in the northern sector
of Uruguay, to the north of 33°S. Thus, with this result in
mind this study considers the northern (southern) region of
Uruguay as that located to the north (south) of 33°S. The
stations located in northern (southern) Uruguay are shown
as crosses (circles) in Figure 1. The station located at about
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Figure 2. Correlation map between rainfall at stations of Figure 1 and
Nino3.4 index during DJFM season. Values larger than 0.35 are signifi-
cant at 5% level.

(56.5°W, 32.9°S) is neither considered to be in the northern
nor in the southern region. Figure 1 also shows that the
northern region receives on average accumulated rainfall
amounts of 450-550 mm during DJFM season, while the
southern region receives between 400 and 450 mm. The
interannual correlation between rainfall from station data
averaged in southern Uruguay with those averaged in
northern Uruguay is 0.63, and thus the regions have only
about 40% of the variance in common.

The statistical significance of the regression maps is
assessed using a two-sided t-test. Correlation values are
considered significant if they pass the test at 5% level.

2.2.

The transient activity is characterized by the group velocity
calculated following Chang and Yu (1999). To do so we
use daily mean data of meridional velocity at 300 hPa, and
since we are interested in transient waves we removed
the stationary component by removing the DJFM mean
from each summer season. As in Chang and Yu (1999) and
Berbery and Vera (1996) we do not further filter the data.
To compute the group velocity we proceed as follows:

Methodology to characterize atmospheric transients

1. We compute envelopes of Rossby wave packets using
the Hilbert transform method of Zimin et al. (2003)
keeping wave numbers 4-11 as it has been shown
these are representative of the transient waves in the SH
(Trenberth, 1981). This results in a field of amplitudes
for each day of the season.

2. We estimated the group velocity by performing one
point time-lagged correlation maps of the ampli-
tude of the envelope for each point in the domain
(160°W-40°E, 70°S-10°N). The zonal and merid-
ional components of the group velocity at each location
were estimated from the displacement in the position
of the correlation maximum from time lag of day —1
to day +1. As a sensitivity test, we used the maximum
correlation values at days —2 and +2, and results
turned out to be very similar. As result, we obtained
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Figure 3. (a) Mean group velocity during DJFM season and (b) climatology of 300 hPa winds for DJFM season. The shading interval is 4 ms™.

a field of transient group velocity for each year in the
region, which represents the average behaviour in the
propagation of wave energy during each DJFM season.
This field is used to study interannual variability.

The mean group velocity averaged over all 35 years is
shown in Figure 3(a). Values are similar to those found in
previous studies, with maxima of about 20 ms™! between
50° and 60°S (Chang, 2000) in the extratropical wave
guide (Figure 3(b)). In the Tropics the group velocity is rel-
atively small, except for the eastern Pacific where it shows
values of about 10 ms™ and have a southward compo-
nent, reflecting the propagation of waves from the North-
ern Hemisphere into the SH through the westerly duct.

3. Interannual variability of transient activity in the
southeast Pacific—southwest Atlantic sector

To characterize the variability of the transient activity, we
computed the EOFs of the zonal group velocity, given
that it is the predominant direction. We focus on the
region defined by 25°-50°S and 130°-30°W in order
to better capture the dynamics of transients that influ-
ence subtropical precipitation. The variability of the zonal
group velocity is maximum in the subtropical Pacific
in a northwest —southeast direction, and in southwestern
Atlantic Ocean at about 40°S (Figure 4(a)).

The first three EOFs explain 22, 14 and 12% of the total
variability, respectively (the fourth EOF is well separated
and only explains 7%), thus describing together about half
of the total variance. The spatial patterns and associated

PCs of the EOFs are shown in Figure 5. Note that the PCs
show strong interannual variability and no linear trend.

The leading EOF depicts a change in the amplitude
of transient activity in the subtropical Pacific west of
100°W that extends with smaller amplitude into the South
American continent to the north of 30°S. The associated
PC1 shows interannual variability with only one strong
negative value during year 1998. The pattern of EOF2
represents mainly a strengthening (weakening) of transient
activity to the north (south) of 35°S in the Pacific sector
with weak anomalies over the South American continent.
Finally, EOF3 shows a southward shift of transient activity
that extends from the Pacific into South America and
the Atlantic Ocean south of 35°S. The line dividing the
decrease—increase in transient activity is at about 33°S
over the continent, just at the latitude of Uruguay. The PC3
shows 6 years of large positive anomalies while in most of
the rest of the years it presents small negative values.

To determine the possible relationship between the
EOFs and the principal modes of climate variability in the
SH, we correlated the corresponding PCs with Nino3.4
and to an index of the Southern Annular Mode (SAM,
taken from NOAA website http://www.cpc.ncep.noaa
.gov/products/precip/CWIink/daily_ao_index/aao/aao_
index.html). We found that none of the PCs are signifi-
cantly correlated with the SAM, which may be due to the
fact that SAM presents large monthly variability within
the season. On the other hand, the leading two EOFs are
significantly correlated to ENSO (Table 1). They suggest
that during the warm (cold) phase of ENSO there is an
increase and northward shift (decrease and southward
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Figure 5. EOFs of the zonal group velocity: (a) and (b) show the leading EOF and the corresponding PC, (c) and (d) show the second EOF and PC,
(e) and (f) show the third EOF and PC. Spatial patterns are in ms™*, while the time series are normalized. Shading marks significance at 5% level.

shift) of wave activity in the subtropical Pacific that tends
to extend into South America north of 30°S.

4. Relationship between rainfall over Uruguay and
transient activity

As it was mentioned in Section 1, rainfall over Uruguay
is strongly related to ENSO through the establishment
of tropically forced stationary waves that will alter the
regional atmospheric dynamics. While these anomalies

strongly affect northern Uruguay (mainly through an
increase in MCC activity), rainfall in southern Uruguay
shows no consistent relationship to ENSO (see Figure 2).
In this section, we further investigate the different relation-
ship between rainfall anomalies and transient activity for
the northern and southern regions of Uruguay.

A correlation analysis between the PCs of U, and the
northern and southern regions of Uruguay shows that only
the latter is significantly correlated to transient activity,
having a correlation value of 0.41 with PC3 (Table 1). This



Table 1. Correlation between PCs associated with the three lead-
ing EOFs of U and different indices used in this study. Northern
(southern) Uruguay is an index constructed by averaging rainfall
from station data located to the north (south) of 33°S (see text).
Statistically significant values are shown in bold.

PC1 PC2 PC3
Nifio3.4 —0.40 0.34 0.04
SAM 0.06 —0.28 —0.27
Northern Uruguay —0.21 0.17 0.18
Southern Uruguay 0.05 0.05 0.41
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Figure 6. Correlation of PC of EOF3 of U, with rainfall in meteorolog-

ical stations in Uruguay. Values larger than 0.35 are significant at 5%
level.

is further shown in Figure 6, where we plot the correlation
between the PC3 of Uy and rainfall at each station over
Uruguay. Clearly, rainfall anomalies are significantly cor-
related with changes in transient activity only to the south
of 33°S, while to the north there is a correlation close
to zero. Comparison with Figure 2 stresses the different
behaviour of interannual rainfall variability in northern and
southern Uruguay.

To add support to above findings Figure 7 shows the
correlation maps during DJFM between the zonal group
velocity (U,) and rainfall from station data averaged in the
southern and northern regions of Uruguay, as well as with
the Nino3.4 index. As in the previous analysis, correlations
are mainly significant with the zonal group velocity and
those with the meridional velocity are not shown. In the
case of southern Uruguay the increase in precipitation is
accompanied by an increase in U, between 35" and 40°S
that extends from the south Pacific towards the Atlantic,
consistent with the EOF3 of U, (Figure 7(a)). Moreover,
the pattern suggests a southward shift of transient activity
over all the south Atlantic basin.

In the case of the northern Uruguay region the corre-
lation is significant in the eastern Pacific at about 20°S
and between 35° and 40°S, but the pattern does not extend
over South America (Figure 7(b)). In fact, the spatial struc-
ture of the correlation is similar to that between U, and
Nino3.4 (Figure 7(c)), a somewhat expected result given

that rainfall in the northern region of Uruguay is strongly
correlated with ENSO. Note that northern Uruguay is not
significantly correlated to the EOF1 of U (nor with EOF2,
nor EOF3, Table 1), which is not inconsistent given that
most of the weight of EOFL1 is in the central Pacific. The
similarity between Figures 7(a) and (b) is not large and,
in particular, there is total absence of the maximum cor-
relation in the tropical eastern Pacific at about 20°S in
Figure 7(a), which stresses the dependence of southern
Uruguay on subtropical transient dynamics.

To test whether the group velocity is characterizing ade-
quately changes in storm tracks we compared the results
using this diagnostic with another one more commonly
used, namely, the eddy kinetic energy (K). Analogous cor-
relation maps of K with Uruguayan rainfall and Nino34
show that the results are not sensitive to the used diag-
nostics (Figure 8): southern Uruguay rainfall is strongly
correlated with a southward shift in the storm track, while
northern Uruguay is correlated to ENSO.

These results reinforce the idea that northern Uruguay
is only weakly associated to transient frontal activity, but
instead is mainly related to the development of MCCs
which frequency of occurrence is modulated by the large
scale conditions. As mentioned in the literature, during El
Nifio the increase in low level moisture from the north and
upper level advection of cyclonic vorticity and a stronger
jet (see Appendix) increase the vertical shear providing
dynamical favourable conditions to the development of
MCCs. Davison (1999) also pointed out that a stronger jet
crossing the Andes leads to increased shortwave perturba-
tions which help initiate MCCs.

5. Covariability between transient activity and
rainfall in SESA

A MCA between the seasonal mean (DJFM) rainfall and
the group velocity (V) is performed to better characterize
the coupled interannual variability. The analysis is per-
formed for GPCP rainfall within the region (70°-50°W,
40°-25°S) and group velocity within (130°-30°W,
50°-25°S) (the same as for the EOF analysis). As
Figure 4(b) shows, SESA is the continental region with
maximum interannual rainfall variability. The spatial
patterns computed considering only the zonal component
of the group velocity are almost the same as using both
components and explain almost the same amount of
covariability. Thus, the variability of V, is mainly that
associated with U .

The leading MCA mode (SVD1) explains 56% of the
covariance and shows increased rainfall in SESA with
maximum anomalies over northern Uruguay and southern
Brazil concurrent with a small decrease in rainfall in
the South Atlantic Convergenze Zone (SACZ) region
(Figure 9). A similar positive correlation pattern is seen
for rainfall station data in Uruguay (not shown). The
accompanying group velocity anomalies show a clear
strengthening of transient energy in a region that extends
continuously from the southeast Pacific towards the south
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Figure 7. (a) Correlation between rainfall averaged over the stations located in the southern region of Uruguay and the zonal group velocity. (b) Idem
but for rainfall averaged over the northern region of Uruguay. (c) Idem but for Nino3.4 index. Shading denotes significant correlations at 5% level.

Atlantic and small decreased transient energy in the SACZ
region. The anomalies are mainly zonal and the spatial
pattern looks very much like EOF3 of U, (the correspond-
ing PCs are correlated at 0.71). The time series show
strong interannual variability clearly related to the central
equatorial Pacific, where correlations are maximum. The
time series of V is also correlated to the SAM index at
r=—0.34, that is just significant at 5% level.

Regression of other fields onto the time series associated
to Vy show the ENSO signature in the Tropics and the
associated extratropical teleconnections. In particular, the
low-level wind anomalies in the south Atlantic represent a
weakening of the anticyclone which decreases the trades
(leading to decreased oceanic heat loss) and is the most

likely cause for the warm oceanic anomalies north of 30°S
(Figure 10(a)). In the extratropical Pacific low-level wind
anomalies are also consistent with atmospheric forcing of
SST anomalies seen in Figure 9(d).

Over continental South America, there is a clear increase
in the seasonal mean winds from the Amazon basin
towards SESA that supply enhanced moisture to the
region. Note that this low-level wind anomalies are much
stronger than in the ENSO regression shown in Figure Al
and extend further into southern Uruguay. Moreover, the
increased continental northerlies connect to the cyclonic
circulation in the south Atlantic, which centre is located
at about 10°W, westward from the one seen in the ENSO
regression map (Figure 10(a)).
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In upper levels anomalies over SESA are dominated
by an anticyclonic circulation centered off south Brazil
and increased westerlies south of 35°S that extend over
the whole south Atlantic basin suggesting a southward
shift of the subtropical jet (Figure 11(a)). In fact, this
increase in the winds over the Atlantic seems to be con-
nected with the subtropical increase in the Pacific basin,
thus generating a wave guide through which the enhanced
transient activity propagates as seen in the anomalies of
Vy (Figure 9(b)). North of 35°S the wind anomalies tend
to meander showing a trough west of the Andes which,
together with the anticyclone east of the Andes, increases
the advection of cyclonic vorticity by the subtropical jet
and provides dynamical favourable conditions for ascent.
Thus, similar to the average influence of ENSO, the sea-
sonal mean anomalies show upper level and lower level

conditions favourable for rainfall in south Brazil and north
of Uruguay, thus explaining the observed strong rainfall
anomaly there.

On the other hand, the increased transient activity south
of 35°S seen in SVD1, but not in the average ENSO

regression, together with the southward extension of the
anomalous northerly winds, are the main responsible
for the increased rainfall in southern Uruguay and the
Buenos Aires province of Argentina. We hypothesize that
increased frontal activity associated with the travelling dis-
turbances organizes convection in an environment that has
become more unstable due to the enhanced moisture and
warm air brought by the strengthened northerlies (Seluchi
and Chou, 1999). Thus, fronts induce positive rainfall
anomalies in southern Uruguay. In addition, these fronts
will be blocked by the anomalous anticyclone off Brazil, so
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Figure 9. Leading SVD (SVD1) between rainfall and V. (a) Rainfall mm day 1, (b) group velocity, (c) associated normalized time series for rainfall
(solid) and for group velocity (dashed) and (d) regression of SST anomalies onto the time series of V ;. In panels shading denotes regions statistically
significant. In (a) and (b) boxes mark the regions used to perform the MCA.

that they cannot propagate northward thus explaining the
decrease in transient activity in the SACZ region (Satya-
murty etal., 1998).

It is worth noting that Ungerovich and Barreiro (2015)
constructed a dynamical-statistical model for summertime
rainfall prediction over southern Uruguay that showed
considerable skill. They used as predictors meridional
winds at 200 hPa in the region (60°-40°W, 10°-33°S)
and zonal winds at upper and lower levels in the band
25°—40°S. These predictors characterize the strong anti-
cyclone off south Brazil and the increased zonal flow that
are seen in the regression maps of SVD1 (Figures 10(a)
and 11(a)), and thus are consistent with the results
presented here.

The second MCA mode (SVD2) explains 16% of the
covariance and mainly shows a dipole of rainfall with pos-
itive anomalies over south Brazil and negative in eastern
Argentina and to the south of Uruguay, presenting the
largest anomaly gradient over Uruguay (Figure 12). A sim-
ilar north—south rainfall anomaly pattern is seen for station
data in Uruguay (not shown). Regression onto SST anoma-
lies shows positive correlation in the eastern Pacific and the
extratropical oceans. The group velocity shows strength-
ened transient energy in the southeast Pacific extending
towards subtropical South America at about 30°S and
into the Atlantic basin. The spatial pattern of V  is domi-
nated by zonal group velocity anomalies, and it looks very

similar to EOF1 of U, (with changed sign, Figure 5) being
the PCs correlated at —0.9.

Upper level winds show a strengthened subtropical jet
at about 30°S extending from the Pacific into the continent

and, differently from the SVD1 case, shows no meandering
(Figure 11(b)). These circulation anomalies suggest an
equatorward shift of the subtropical jet and the storm track
over South America during some El Nifio years. However,
contrary to the average ENSO regression, low level winds
show no significant changes over South America (see
Figures 10(b) and A1(b)).

Comparing the circulation anomalies associated with the
first and second SVDs, it is clear that different station-
ary waves forced from the tropical Pacific induce different
configurations at upper and lower levels. This is best seen
in the 300 hPa geopotential height anomalies (Figure 11).
While in SVD1 there are clearly two waves emanating
from the tropical Pacific towards the SH extratropics — one
emanates from the central Pacific describing a long arch
and another shorter one emanates from the eastern Pacific
creating the anticyclone off south Brazil — in the SVD2
there is only one forced wave. Comparing the spatial struc-
tures, it is evident that the regression of SVD2 lacks the
short wave that emanates from the eastern Pacific and
bends towards South America at the latitude of the sub-
tropical jet. The absence of this stationary wave allows the
wave emanating from the central Pacific to be displaced
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Figure 11. Regression of winds and geopotential height (m) at 300 hPa onto the time series associated to V, of (a) SVD1 and (b) SVD2. Shaded
areas indicate significance of wind anomalies at the 5% level.
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eastward with respect to the pattern in SVD1. This gen-
erates very different regional anomalies in SESA. While
in SVD1 regional anomalies are dominated by the anti-
cyclone off Brazil, in SVD2 there is not such feature
and instead, wind anomalies are dominated by a cyclonic
anomaly off the coast of Argentina. As result, in SVD2
upper level wind anomalies strengthen at 30°S conse-

quence of the two cyclonic anomalies centered in the east-
ern Pacific and western Atlantic at 45°S. This strength-

ening represents a northward shift of the subtropical jet
favouring transient energy propagation at 30°S which

induces positive rainfall anomalies at these latitudes, as
well as decreased rainfall to the south. The increase in tran-
sient activity reaches into the Atlantic favouring enhanced
rainfall in the oceanic extension of the SACZ.

These results suggest that the pattern of SST anomalies
during El Nifio years is important for inducing summer-
time rainfall anomalies over Uruguay. As an example, we
compare two EI Nifio events: 2010 — characterized
by SST anomalies in the central Pacific —and
1983 — characterized by maximum anomalies in the
eastern Pacific. Figure 13 shows the rainfall anomalies for
El Nifio of 2010 when a positive rainfall anomaly covered
all Uruguay, and for EIl Nifio of 1983 when excess rainfall
was weaker and limited to south Brazil and northern
Uruguay; southern Uruguay, instead, showed a negative
rainfall anomaly. Regarding SVD1, El Nifio of 1983 has
zero amplitude in the PCs of rainfall and V4, while El
Nifio of 2010 has large positive values in both of them. On

the contrary, in SVD2 year 1983 presents positive values
of PCs, while 2010 shows negative amplitudes. Thus,
these amplitudes are in agreement with the patterns of
SST and rainfall anomalies that characterize each EIl Nifio
event, and demonstrate that the first two SVDs capture the
main rainfall variability in SESA and its relationship with
circulation anomalies. Note that EI Nifio of 1998 shows
large positive values in both SVDs, thus suggesting that
the observed strong rainfall anomalies over south Brazil
and northern Uruguay were due to large changes in the
regional circulation that include anomalous stationary
waves and enhanced transient activity.

6. Summary

In this study, we explored the interannual variability of
transient activity during SH summer in the extratropical
sector of the south Pacific and Atlantic oceans. Having
in mind that subtropical South America is a transition
region between a convection-dominated regime and one
where frontal activity dominates we assessed the degree
to which transient activity accounts for rainfall anomalies
over SESA focusing on Uruguay. In spite of the relatively
small area, on interannual time scales rainfall in the north-
ern and southern regions are only correlated at 0.63 during
southern summer, thus suggesting that different physical
processes govern these two regions. This is exemplified by
the fact that, different from the north, southern Uruguay
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Figure 13. Rainfall anomalies in mmday * during EI Nifio events of (a) 1983 and (b) 2010.

does not show a consistent response to ENSO events. To
accomplish these tasks we calculated the group velocity
of wave packets as a measure of transient activity, follow-
ing the methodology developed by Chang and Yu (1999)
together with the procedure of Zimin etal. (2003) to com-
pute wave envelopes.

We found that extratropical transient activity shows
strong interannual variability consisting in patterns that
represent (1) a change in the intensity of wave activity
in the subtropical Pacific and (2) meridional shifts in the
position of the Pacific and Atlantic storm tracks. The lead-
ing two modes of variability are associated with ENSO.
The third mode of variability represents latitudinal shifts in
transient wave activity such that a southward movement of
the storm track enhances rainfall over southern Uruguay.
The southward shift consists of a strengthening in tran-
sient energy south of 35°S extending from the southeast-
ern Pacific into the South American continent and south
Atlantic.

To better understand the connection between rainfall
anomalies over SESA and transient wave energy, we per-
formed an MCA between these two fields. The leading
SVD mode explains more than half of the covariability and
represents the influence of the central equatorial Pacific
on rainfall anomalies over SESA. It shows that for an
El Nifio event to induce positive rainfall anomalies over
southern Uruguay (in addition to south Brazil and northern
Uruguay) it has to force two stationary waves: a wave that
emanates from the central Pacific and describes an arch
with low curvature into higher latitudes and then towards
the south Atlantic and another shorter wave that emanates
from the eastern Pacific and turns north-eastward at the
latitude of the subtropical jet (as in Grimm and Ambrizzi,
2009). When the induced anticyclone off Brazil is strong
then surface northerlies will reach southern Uruguay desta-
bilizing the atmosphere due to the enhanced transport of
moisture and warm air. At the same time, changes in upper
level winds strengthen the transient wave activity south of
35°S so that the increased associated frontal activity can
induce positive rainfall anomalies by tapping the increased
available moisture.

We also found that the equatorial Pacific could also
force only one stationary wave from the central Pacific.

In opposition with the leading SVD mode where central
Pacific SST anomalies played the larger role, in this latter
situation eastern equatorial Pacific SST anomalies seem to
be responsible. In this latter case, characterized by SVD2,
the regional circulation over SESA is dominated by two
cyclonic anomalies located in the eastern Pacific and west-
ern Atlantic centered at about 45°S. This configuration
shifts the subtropical jet to the north of 30°S favouring
increased rainfall over south Brazil and decreased rain-
fall to the south of Uruguay. Previous authors had found
a dependence of the SH atmospheric circulation response
to different types of EI Nifio events during spring (e.g. Vera
etal., 2004).

Overall, our results suggest that rainfall over southern
Uruguay is dominated by transient activity even in SH
summer, in contrast with northern Uruguay which is domi-
nated by a deep convective regime during this season. This
different dynamics stresses the fact that Uruguay is in a
transition region and has strong consequences for rainfall
predictability. While the northern region is strongly pre-
dictable during EI Nifio events mainly because it favours
the development of MCCs, predictability in the southern
region depends on changes in the trajectory of transients,
which is controlled by the spatial pattern of SST anomalies
in the equatorial Pacific.

As a final note we mentioned that in this study we have
taken the view that changes in the transient activity can be
understood in terms of an equatorial Pacific SST forcing
of the mean flow through the propagation of stationary
waves which in turn modify the paths of transient eddies.
However, several studies have shown that the changes
in transient eddies can in turn modify the mean flow in
the extratropics through eddy momentum and heat flux
anomalies (e.g. Held etal., 1989). The identification of
cause and effect in the adjustment of the mean and transient
atmospheric circulation is beyond the scope of this study
and is left for future work.
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Appendix: ENSO influence over SESA

In this section we review the average circulation anoma-
lies over subtropical South America related to ENSO. To
characterize ENSO influence we regressed different fields
onto Nino3.4.

In agreement with Figure 2, there is a positive rain-
fall anomaly associated with El Nifio statistically signif-
icant only over northern Uruguay and south of Brazil
(Figure A1(a)). This has been shown to be a response to (1)
increased northerly low-level winds that bring enhanced
moisture from the Amazon and (2) increased advection of
cyclonic vorticity in upper levels which provides the neces-
sary dynamic lift (e.g. Grimm et al., 2000; Silvestri, 2004).
The latter anomalies are the result of the joint development

of a cyclonic anomaly in the southeast Pacific centered at
about (40°S, 100°W) and an anticyclonic anomaly located

off the coast of south Brazil and Uruguay (which, due to its
barotropic structure, also induces northerly wind anoma-
lies in the region). These in turn are part of a wave train
that propagates from the eastern Pacific into the southern
tip of South America which then turns north-eastward at
the latitude of the subtropical jet towards the Atlantic (e.g.
Grimm and Ambrizzi, 2009). The anomalies described
are clearly seen in the low-level winds as well as in the
300 hPa winds and geopotential height fields (Figure Al).
Apparent is also an additional wave emanating from
the central tropical Pacific towards the extratropics with
smaller curvature.



The regression also shows that there is enhanced tran-
sient activity in the tropical eastern Pacific up to 35S

(Figure Al(b)), in agreement with EOF1 of the zonal group
velocity, but anomalies do not penetrate into the South
American continent (see also Figure 7(c)). Consistently,
this increased transient activity is accompanied by stronger
upper level winds in the region. However, the regression
map of 300 hPa winds also shows that the subtropical jet is
intensified between 35° and 45°S over South America and
the Atlantic Ocean, but the transient activity is not modi-
fied there.
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