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ABSTRACT: We explore the occurrence of intraseasonal summer heat waves in southeastern Patagonia (SEPG, 46∘–52∘S;
65∘–70∘W) since the late 19th century by means of the Twentieth Century Reanalysis version 2 (20CRv2). In total, we identify
201 cases for 1872–2010 using criteria of intensity and persistence. In SEPG, the corresponding intraseasonal temperature
signals are centred around the first day of each cluster of days fulfilling those conditions (named day 0). The mean warm
deviation lasts for approximately 2 weeks and exhibits a mean temperature peak of 4.3 ∘C on day 0 (the warmest day in the
mean signal). In a regional context, the mean temperature perturbation associated with these heat waves affects a broad area on
both sides of the Andes. The warming in SEPG is caused by temperature advection and enhanced radiative heating, following
a high pressure system over southern South America (SSA). This atmospheric perturbation is embedded in a wave-train-like
pattern along the South Pacific. As part of this pattern, a cyclonic anomaly progresses eastward over the Tasman Sea in Oceania,
moving from southeastern Australia (day−6, causing a dry anomaly there) over New Zealand (day−3, inducing a wet anomaly
on its Southern Island). The anomalous circulation triggered by the wave train leads thus to a teleconnection between SSA
and Oceania, documented in a previous work for the interannual scale. Two thirds of the heat wave events are linked to
enhanced ascent in the South Atlantic Convergence Zone (SACZ) and around one third of the events within 1957–2010 are
associated with extreme absolute maximum temperatures observed at a station-based record from SEPG. Finally, possible
spatial modulations of the wave train pattern at the interannual and interdecadal timescales are discussed.
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1. Introduction

Southern South America (SSA, see Table 1 for a list of
acronyms) is defined in this work as the part of the con-
tinent to the south of 30∘S. Patagonia, within SSA, is the
region that spans from 40∘S until the southern tip of the
continent. Although the current climate of Patagonia has
been reviewed in a regional and comprehensive context,
including its links with the large-scale circulation (e.g. Pro-
haska, 1976; Paruelo et al., 1998; Garreaud et al., 2012),
and also with focus on particular aspects of single variables
such as temperature (e.g. Garreaud, 2000; Berman et al.,
2013) and precipitation (e.g. Carrasco et al., 2002; Berman
et al., 2012), it still remains a relatively unexplored topic
in the climate sciences. The relative lack of studies about
this region is due in part to the low density of instrumental
coverage, especially in the interior regions (Paruelo et al.,
1998). Nevertheless, detailed analysis on a broad variety
of meteorological and climatological phenomena in Patag-
onia are needed in order to understand their impacts on
natural aspects, such as the biosphere (Lara et al., 2005;
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Hertel et al., 2008) and cryosphere (Carrasco et al., 2002;
Rignot et al., 2003; Rasmussen et al., 2007), but also on
socioecological subjects, such as desertification (Del Valle
et al., 1998; Mazzonia and Vazquez, 2009). In particular,
a valuable motivation to perform further research within
these various fields is to get a better knowledge on tran-
sient subseasonal warm episodes in Patagonia, which is the
main topic addressed in this paper.

On the western side of Patagonia, the interaction
between the westerly flow from the Pacific Ocean and the
southern Andes leads to a temperate and hyperhumid cli-
mate. The eastern side of Patagonia exhibits a continental
climate with high aridity caused by the rain shadow effect
of the Andes, along with a high annual thermal ampli-
tude and extremely windy conditions associated with the
westerlies (Garreaud et al., 2012). Our region of study
is southeastern Patagonia (SEPG), defined as the region
confined within 46∘–52∘S; 65∘–70∘W (Figure 1(a)),
which roughly corresponds to the Argentinean province
of Santa Cruz. The northeast coast of SEPG exhibits
a mild semiarid climate, with mean daily maximum
(minimum) temperatures ranging between 24 and 26 ∘C
(12 and 14 ∘C) during austral summer (December to Febru-
ary, DJF) and scarce annual precipitation (∼230 mm).
Further to the south, the conditions correspond rather
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Table 1. Acronyms used in this paper.

Acronym Meaning

20CRv2 Twentieth Century Reanalysis
version 2

ENSO El Niño-Southern Oscillation
MJO Madden–Julian Oscillation
PDO Pacific Decadal Oscillation
PSA mode Pacific-South American mode
Prate Precipitation rate
R1, R2, R3, R4 Regions 1–4
SACZ South Atlantic Convergence Zone
A_SACZ/NA_SACZ Active SACZ/non-active SACZ
SAM Southern Annular Mode
SAT, T Surface air temperature
SEPG Southeastern Patagonia (same as

Region 3)
SLP Sea level pressure
SSA Southern South America (south of

30∘S)
Tn, Tx, Tm Instrumental minimum, maximum,

and mean temperature

to a cooler and wetter steppe climate, with maximum
(minimum) temperatures fluctuating between 19 and
21 ∘C (7 and 8 ∘C).

The modulation of surface air temperature (SAT) in
SSA involves various time scales and possible interac-
tions between them. The interdecadal and interannual
modulation of summer SAT there was extensively studied
by Jacques-Coper and Brönnimann (2014). The summer
interannual variability leads to strong regional SAT depar-
tures from the climatology in SSA. The leading interannual
variability mode, whose strongest spectral peak appears at
∼3.4 years, is related to a wave train pattern in geopotential
height at 500 hPa over the South Pacific, which resembles
the Pacific-South American (PSA) mode 2. The circulation
induced by the centres of action of this pattern causes an
interannual teleconnection (anticorrelation) between tem-
perature in SSA and precipitation in Southeastern Aus-
tralia. The development of this wave-train-like pattern and
its climate impacts within the intraseasonal frequency band
deserve attention and is a further motivation for this work.

As an analogy to the occurrence of warm summers
in SSA in the interannual timescale, in this paper we
investigate the intraseasonal modulation of SAT in SEPG
by studying the occurrence of local heat waves. Cerne
and Vera (2011) analysed summertime intraseasonal heat
waves recorded by a single station in Central-Eastern
Argentina (Rosario Aero, 32.92∘S; 60.78∘W) during
1979–2003 using the NCEP–NCAR Reanalysis (Kalnay
et al., 1996). For that region, they ascribed 32% of SAT
variance to intraseasonal variability. That study also found
that 73% of the heat waves detected in Rosario were
related to enhanced convection in the South Atlantic
Convergence Zone (SACZ, Figure 1(a)), located to the
northeast of Rosario. Therefore, it is also of our concern
to investigate whether heat waves in diverse regions of
SSA are related to each other, and also whether there is a
connection between heat wave events detected in SEPG
and the SACZ activity.

Cerne and Vera (2011) also identified a large-scale
Rossby wave train pattern in association with the heat
waves in subtropical South America, which they linked to
convection anomalies at the equatorial western and cen-
tral Pacific Ocean. This pattern, although comparable to
the one described for the interannual timescale in SSA by
Jacques-Coper and Brönnimann (2014), shows a different
phasing of its action centres. Moreover, Rossby wave trains
between Oceania and South America have been identi-
fied in connection to various climatological phenomena,
such as the synoptic incursion of cold air in subtropi-
cal South America (Garreaud, 2000), generalized frosts in
central–southern South America (Müller and Berri, 2007),
cold surge episodes over southeastern Brazil (Sprenger
et al., 2013), and the intraseasonal variability of precipita-
tion in subtropical and extratropical South America (e.g.
Gonzalez and Vera, 2014). The development of atmo-
spheric Rossby wave trains has been widely described in
the literature (e.g. Hoskins et al., 1977) and they can be,
indeed, partly induced by tropical forcing (Berbery and
Nogués-Paegle, 1993; Jin and Hoskins, 1995). Hence, a
another main motivation for this study is to investigate
whether warm intraseasonal anomalies in SEPG are also
related to a large-scale wave-train-like circulation pattern
over the South Pacific.

Robertson and Mechoso (2003) found that the sub-
seasonal circulation in the South Pacific region exhibits
three to four recurrent geographically fixed regimes, which
are a linear combination of PSA 1 and 2, for all sea-
sons but summer. These patterns are restricted to the
mid-latitudes and do not extend into the tropics, in con-
trast to the findings by Mo and Higgins (1998). Robert-
son and Mechoso (2003) also documented an oscillation
of 42.5 days dominated by the PSA 1 pattern, more pro-
nounced in austral winter and spring, which shows a rapid
attenuation and an eastward drift. In summary, they pro-
posed an oscillation of circulation anomalies in the South
Pacific that is predominantly stationary in space, but with
regimes that account for the slow part of that oscilla-
tion. Relatively less work has focused on the way these
circulation patterns spread throughout a broad frequency
range. Cazes-Boezio et al. (2003) found an extratropi-
cal teleconnection between ENSO and southeastern South
America for austral spring due to a wave train pattern
over the South Pacific, which disappears during summer
and appears in autumn again (but not related to ENSO).
Three wave-train-like circulation regimes were found for
intraseasonal 700-hPa geopotential height fields in all sea-
sons. Interannual 200-hPa circulation patterns were found
to be related to the frequency of occurrence of those
intraseasonal regimes for spring and autumn only. There-
fore, we speculate that the connection between different
timescales during summer may not be due to the fre-
quency of occurrence of intraseasonal circulation patterns
but that strong and/or persistent intraseasonal anomalies
would imprint their signal in the seasonal means, thus con-
tributing significantly to the construction of the interan-
nual variability. Therefore, we also aim to study the link
between both timescales.

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)
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Figure 1. (a) Regions analysed in this study: SEPG (red, 46∘ –52∘S; 65∘–70∘W), SACZ (black, 18∘ –30∘S; 20∘–44∘W), SE Australia (cyan,
30∘–39∘S; 144∘–150∘E), North Island of New Zealand (blue, 32∘ –38∘S; 166∘–178∘E), South Island of New Zealand (green 42∘ –50∘S;
166∘–176∘E). (b–e) 21-day mean time series of T ′, z500′, slp′ and prate′, respectively, centred on day 0, calculated from the 201 heat waves
in SEPG. Continuous (dashed) curves correspond to the composite spatial mean (1 composite spatial standard deviation) of the time series from the

gridpoints located within the corresponding regions.

To explore the research topics listed above, in this
paper we address the development of heat waves in the
intraseasonal timescale over SEPG during 1872–2010.
We explore the regional and large-scale aspects associ-
ated with our research subject, reproduced by the Twenti-
eth Century Reanalysis version 2 (20CRv2, Compo et al.,

2011). In addition, century-long daily climatic records
are used to compare and partially validate the results
obtained. The data and methods used are described in
Section 2. In Section 3, we describe the identification
of heat waves in SEPG and discuss their regional mani-
festation. Besides, we interpret the large-scale circulation

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)



M. JACQUES-COPER et al.

anomalies associated with these events, with a focus on
Oceania, in order to understand, in the intraseasonal band,
the covariability between SAT in SSA and precipitation in
SE Australia and New Zealand. In Section 4, we explore
the link between the heat waves in SEPG and the activ-
ity of the SACZ. Section 5 presents the analysis on the
potential connection between the intraseasonal and inter-
annual patterns that lead to SAT perturbations in SSA,
and on a possible decadal variation of the waveguide of
these intraseasonal circulation anomalies. Finally, Section
6 summarizes our findings and conclusions.

2. Data and methods

We use non-detrended daily fields of SAT (2 m), mean
pressure at sea level (SLP), geopotential height at 500 hPa
(z500), precipitation rate (prate), and vertical velocity at
500 hPa (𝜔500) from the ensemble mean of 20CRv2.
Vertical velocity at 500 hPa was selected to investigate
large-scale ascent and descent. We focus on DJF (1
December to 28 February) during 1872–2010 (DJF sea-
sons are assigned to the corresponding JF year). Data
sets from reanalyses, especially before the satellite era
that started around 1979, are based on observations that
are spatially scarce, in particular in the Southern Hemi-
sphere. This fact may reduce the reliability of these prod-
ucts in early decades of the study period; however, the
summer season was found to exhibit better skill in some
data sets (Bromwich et al., 2007). The 20CRv2 comprises
a state-of-the-art assimilation mechanism of observations
taken at the surface (SLP and sea surface temperature)
that allows a reliable spatiotemporal reconstruction of
the atmosphere (Compo et al., 2011). For instance, dur-
ing 1958–1978, the skill of this product compared with
radiosonde observations at 300 hPa in the Southern Hemi-
sphere extratropics overtakes that of the ERA40 reanalysis
(Uppala et al., 2005; Compo et al., 2011). Partly because
of its novelty, the 20CRv2 has not been extensively used
for studies focusing on the Southern Hemisphere. How-
ever, previous works have assessed this data set positively,
and stressed its quality and usefulness (Brönnimann et al.,
2011, 2012; Zhang et al., 2012; Wang and Cai, 2013;
Jacques-Coper and Brönnimann, 2014). In this study, we
explicitly consider instrumental measurements in order
to compare and corroborate the results extracted from
20CRv2.

The intraseasonal anomalies are defined following the
method of Cerne and Vera (2011) as the result of subtract-
ing from the daily values the climatological daily mean
(annual cycle) and the seasonal departures of every year
from the climatology (i.e. the DJF mean of each year minus
the long-term seasonal mean). In other words, we consider
that the absolute temperature for a certain day is made
of the sum of the expected long-term value defined by
the yearly cycle plus the mean seasonal anomaly of the
corresponding year plus the intraseasonal anomaly, which
accounts for the higher frequency perturbation. That is, the
intraseasonal anomaly of a given variable for a certain day

d and year y is calculated as follows:

Intraseasonal anomalyd,y

= daily valued,y− climatological daily meand

−
(
DJF seasonal meany− long-termDJF seasonal mean

)

(1)

The reference period for defining long-term statis-
tics (mean, standard deviation, seasonal cycle, etc.) and
anomalies is 1961–1990. For simplicity, in the rest of the
paper, a prime will denote intraseasonal variables.

We first calculate daily SAT anomalies on the intrasea-
sonal timescale (T ′) as the spatial mean of the five grid-
points within SEPG (Figure 1(a)). Then, we detect heat
waves using the following criteria (Cerne and Vera, 2011),
which must be met at the same time: (1) T ′

> 0 for at least
five consecutive days, and (2) T ′ larger than its own stan-
dard deviation for at least three consecutive days. The def-
inition of intraseasonal anomalies used in this study has
the advantage of filtering out the variability portion related
to lower frequencies. Thus, in order to identify the heat
waves, we subtract from the temperature signal the back-
ground set up, for instance, by a relatively cold or warm
summer in the study region and focus on relative tem-
perature perturbations with respect to that background. In
this way, we do not explore absolute heat waves regard-
ing the actual measured temperature. Hence, a larger num-
ber of cases can be analysed and a deeper insight into the
intraseasonal frequency band is gained. A similar analy-
sis is performed considering the other variables included
in this paper.

Near-surface temperature advection was calculated at
925 hPa for the zonal and meridional components on a
daily basis, through the centred finite difference method,
using 20CRv2 fields. Horizontal temperature advection
results as the sum of both components.

For the comparison between different timescales, mean
seasonal (i.e. interannual, summer-to-summer) DJF SAT
anomalies were calculated for SEPG, based on the series
obtained following this methodology: (1) detrending of
the raw DJF seasonal mean series, using the least-squares
fit of a straight line, (2) computation of the interdecadal
component of the series calculated in step 1, by applying
to it a 7-years running mean twice (which consequently
reduced its length at the beginning and the end by 6 years
each), and (3) subtraction of the series obtained in step 2
from that obtained in step 1. Warm (cold) summers were
defined as those seasons above (below) one interannual
(summer-to-summer) standard deviation (0.63 ∘C), con-
sidering 1878–2004.

Temperature observations (minimum temperature, Tn,
maximum temperature, Tx, and mean temperature, Tm,
calculated as the average of Tn and Tx) from the sta-
tions Comodoro Rivadavia Aero (45.78∘S; 67.50∘W,
46 m a.s.l.) and Río Gallegos Aero (51.62∘S; 69.28∘W,
19 m a.s.l.; their locations are shown in Figures 1 and
3) span 1957–2010 and were supplied by the Argen-
tinean National Weather Service. Their intraseasonal
anomalies were obtained in a similar way as those from
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the reanalysis data. Precipitation records from Oceania
were provided by the Australian Bureau of Meteorology
(Cataract Dam Station, Southeastern Australia: 34.26∘S;
150.81∘E, 340 m a.s.l., used record length: NDJFM
1905–2006) and the New Zealand National Climate
Database (Hororata Station, South Island of New Zealand,
43.546∘S; 171.898∘E, 213 m a.s.l., used record length:
NDJFM 1891–2010). See Acknowledgements section for
details.

3. Intraseasonal heat waves in SEPG: regional
and large-scale anomalies

A total of 460 days satisfy both conditions defined for
detecting heat waves (introduced in Section 2). Because
many of these days occur in clusters, we select the first
day of every group of consecutive days in order to charac-
terize each single event and name that day ‘day 0’, which
also corresponds to the warmest day in the mean signal
(see Figures 1 and 3). So defined, we obtain 201 heat
waves within the study period, which we consider to be
independent. The mean duration of a heatwave cluster,
defined here as the number of consecutive days that satisfy
the conditions of intensity and persistence, is ∼2.3 days.
Note, however, that the warm perturbation typically lasts
longer, as shown by the mean signal of the heatwave com-
posite shown in Figure 1(b) (∼2 weeks). Single events
within a season are separated by a median (mean) of 20.5
(24.9) days, with a minimum of 4 days and a maximum of
64 days. During 1872–2010 (1900–2010), the mean value
of events per season is 1.45 (1.59), with a significant trend
of 0.66 events per 100 years at the 95% confidence interval
(not significant trend of 0.30 events per 100 years).

3.1. Time evolution of heat waves and sequences
of related composites

3.1.1. Heat waves in SEPG

We start by analysing the 21-day composite sequence
of T ′ centred on day 0 (Figure 1(b)) for all heat wave
events identified at the SEPG region (Figure 1(a)). T ′

does not deviate substantially from 0 until day −3, when
the values increase sharply and reach a mean anomaly of
4.3 ∘C on day 0. After day 1, T ′ decreases less rapidly in
comparison to the first half of the sequence (+1.6 K day−1

between days −1 and −3 compared with −1.1 K day−1

between days 1 and 3, and lower cooling rates thereafter).
In fact, the +2 ∘C anomaly is exceeded between days −2
and 3. Thereafter, positive anomalies over +0.5 ∘C last
almost until day 8. The asymmetry of the T ′ signal partly
reflects the fact that, by definition, day 0 is the first day
of a cluster of days satisfying the conditions for a heat
wave. Thus, after day 0, some persistence of the warm
perturbation is observed. A similar asymmetric evolution
is observed for z500′ over SEPG (Figure 1(c), red curve).
This series shows its maximum amplitude of ∼100 gpm on
day −1; that is, it leads the T ′ series by 1 day. As expected
within the development stage of a baroclinic wave, the
positive slp′ perturbation, whose sequence depicts mean

anticyclonic anomalies over SEPG, leads that of z500′

(T ′) by 1 day (2 days) (Figures 1(c) and (d), red curves).
Oppositely mirroring the slp′ sequence and consistently
with the accompanying subsidence conditions, we observe
a negative prate′ anomaly in SEPG between days −4 and 1
(Figure 1(e), red curve).

The spatial fields associated with these anomalies are
displayed in Figure 2, restricted to the 7-day sequence
between days −3 and 3. In the upper row, we observe the
intrusion of the anticyclonic anomaly from the southwest
into SSA, to the east of the Andes. As noted before, the
slp′ maximum is located directly to the east of SEPG on
day 0. This anomaly is associated with the development of
a temperature dipole in the T ′ composite (Figure 2, middle
row) with warm (cold) anomalies to the south (north) of
∼35∘S. The mean T ′ perturbation exceeding 2 ∘C over
SEPG typically lasts from day −2 until day 3. During this
sequence of days, dry anomalies persist in the southern
tip of the continent (stronger in southwestern Patagonia),
ahead of the anticyclonic anomaly (over the southwest
Atlantic), and in southeastern South America (Figure 2,
lower row).

Summarizing all, the slp′, T ′, and prate′ fields show the
expected relationships associated with the development of
a mid-latitude disturbance. For instance, on day −1, the
wet pattern shown by the prate′ field is an imprint of the
mid-latitude cyclonic anomaly centred at approximately
40∘S; 25∘W with SE–NW orientation towards the conti-
nent at 20∘S. Behind that cyclonic anomaly, the anticy-
clonic anomaly peaking to the east of SSA seems to drive
the dry anomaly ahead of it and the T ′ increase over the
continent. Hence, heat waves in SEPG, large-scale ascent
in the SACZ, and large-scale descent in Patagonia (inferred
from the prate′ field) are related to the eastward evolution
of alternating cyclonic and anticyclonic anomalies. These
aspects are further explored in Section 4.

In terms of circulation, we essentially identify three main
patterns related to the anticyclonic anomaly that propa-
gates over SSA: on day−3, when the anticyclone is located
over the southern tip of the continent, it promotes weak
easterly anomalies over the SEPG region; between days−2
and day 0, the anticyclone intensifies while it moves east-
ward causing northeasterly wind anomalies over SEPG;
and, between days +1 and +3, as the anticyclone has
moved eastward over the south Atlantic, wind anomalies
are very weak over the continent.

The possible drivers of the local heating in SEPG,
expressed in the thermodynamic energy equation, are the
temperature advection plus adiabatic and diabatic pro-
cesses. Although a detailed analysis of these terms lies
beyond the aims of this work, we first study the radiative
effect (one of the diabatic terms) and then the near-surface
horizontal temperature advection.

The intraseasonal anomaly of the downward shortwave
radiation flux at the surface (Figure 2(a)) exhibits positive
values between approximately 37∘S and 50∘S around day
0. The signal is related to the easterly anomalies of wind at
10 m, which inhibit the moisture advection and the devel-
opment of cloudiness and precipitation in the western part

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)
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of the Andes. The positive anomaly of downward radiation
flux moves eastward and peaks on day −1 over SEPG,
exceeding 60 W m−2 around 43∘S; 73∘W, and decreases
towards the Atlantic coast to ∼30 W m−2. These results
suggest a positive contribution of the solar radiation to the
T ′ development in the northern part of SEPG. A negative
anomaly is observed to the south of 50∘S, covering also
Tierra del Fuego and peaking over the Drake Passage
with values around −25 W m−2. The negative anomalies
of downward shortwave radiation fluxes are associated
with cloudiness and precipitation (Figure 2(c)). However,
given the negative anomaly of this variable in this region,
another factor must drive the warming in the southern part
of Patagonia.

As shown in Figure S1, Supporting Information, the
intraseasonal anomaly of the near-surface horizontal tem-
perature advection exhibits positive values over Eastern
SSA, south of ∼43∘S, from day −2 onwards. The mag-
nitude of the spatial pattern of this variable is highest on
day 0 and increases towards the south with its maximum
to the south of ∼50∘S. This anomaly of the horizontal tem-
perature advection is mainly driven by its zonal (easterly)
component to the north of ∼50∘S and by its meridional
(northerly) component to the south of ∼50∘S.

In summary, in connection with the development
of intraseasonal heat waves in SEPG, we observe an
enhanced downward shortwave radiation flux in the
northern part of Patagonia (between ∼37∘ and ∼50∘S)
and warm horizontal temperature advection over most of
Patagonia (south of ∼43∘S).

3.1.2. Robustness of the heat wave temperature signal
in 20CRv2

We assess the robustness of the 20CRv2 heat wave signal
from SEPG by comparing it with instrumental mean tem-
perature (Tm

′) anomalies for 1957–2010 from Comodoro
Rivadavia Aero and Río Gallegos Aero (described in
Section 2; see Figures 1 and 3), which were obtained
in the same way as the intraseasonal time series from
the reanalysis. The statistics of the comparison between
20CRv2 and the station data is shown in Table 2. Figure S2
shows the mean T ′ composite for heat waves from SEPG
(shown in Figure 1(b)) together with the composite calcu-
lated for the closest gridpoint to each of both stations, as
well as the instrumental time series. The mean instrumen-
tal Tm

′ heat wave signal of Comodoro Rivadavia shows a
warm bias of ∼1.5 ∘C on day 0 with respect to 20CRv2.
Nevertheless, the general evolution of the instrumental
anomalies is well reproduced by the reanalysis, in partic-
ular regarding the timing of the T ′ maximum on day 0.
Concerning their magnitude, the measurements taken at
Río Gallegos are in better agreement with the reanalysis.
The instrumental Tm

′ peak is recorded here on day −1
and not on day 0 as in 20CRv2, a result that suggests a
northward propagation of the T ′ signal related to heat
waves in SEPG within Patagonia.

It is worth commenting that nearly 35% of the heat wave
events found for SEPG using 20CRv2 for SEPG are related
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Figure 3. (a) Gridpoints (20CRv2) considered within SEPG/R3 (red,
46∘–52∘S; 65∘–70∘W) and regions R1 (black 36∘–39.5∘S, east of
70∘W), R2 (yellow, 40∘–44∘S, east of 70∘W) and R4 (blue, 53∘–55∘S,
east of 70∘W). The nearest gridpoint to Rosario Aero Station (32.92∘S;
60.78∘W) is marked with an x. (b–e) 21-day mean time series of T ′

in SEPG (red curve) and Rosario, R1, R2, and R4 (black curves),
respectively, centred on day 0, calculated from the 201 heat waves in
SEPG. Solid (dashed) curves correspond to the composite spatial mean

(standard deviation) of the corresponding regions.

to cases where the instrumental absolute Tx is above its
99% percentile in Comodoro Rivadavia. Although the
SEPG signal extracted from the reanalysis is not necessar-
ily representative of any single gridpoint or station loca-
tion, this result and the relative good agreement between
20CRv2 and the instrumental observations seem to indi-
cate that such very extreme instrumental warm cases are
not necessarily persistent enough to be considered as
intraseasonal heat waves.
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Table 2. Evaluation statistics (biasses and correlation coefficients) of the temperature records of Comodoro Rivadavia and Río
Gallegos (see Figure 3(a)) with respect to the temperature time series extracted from their closest gridpoints in 20CRv2 (ensemble

average of mean temperature).

Tn Tx Tm

Station Abs. IS Abs. IS Abs. IS

Comodoro Rivadavia −3.73/0.64 −0.01/0.62 8.57/0.64 −0.01/0.63 2.42/0.71 −0.01/0.69
Río Gallegos −2.41/0.59 0.00/0.56 9.70/0.63 0.00/0.61 3.67/0.69 0.01/0.67

Values for instrumental minimum temperature (Tn), maximum temperature (Tx), and mean temperature (Tm) are shown. The bias (∘C) and the
correlation coefficient are calculated with respect to the ensemble mean of 20CRv2 and are shown for the instrumental absolute values (abs.) and
their intraseasonal (IS) anomalies. The period of reference is 1957–2010.
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Figure 4. Composite fields of z500′, considering the 201 heat wave events, centred on day 0, shown from day −10 until day 10. Solid red (dashed
blue) contours are drawn every 20 gpm and denote positive (negative) anomalies; zero contour omitted. Statistically significant anomalies at 95%

are depicted by black dots.

3.1.3. Regional dynamics associated with heat wave
occurrences in SEPG

The regional circulation dynamics associated with the heat
waves at SEPG are analysed using 20CRv2, through the
definition of neighbouring regions of SEPG and the com-
parison of their T ′ evolution. As shown in Figure 3(a),
these four regions correspond (from north to south) to
the closest gridpoint to Rosario Aereo (32.92∘S; 60.78∘W,
whose intraseasonal heat wave signal was analysed by
Cerne and Vera (2011)), and to regions formed by the grid-
points located within zonal bands to the east of 70∘W: R1
(36∘–39.5∘S), R2 (40∘–44∘S), and R4 (53∘–55∘S). SEPG
corresponds here to R3. Figure 2(b) previously showed that
the T ′ signals from the R1–R4 regions are affected by the
passage of the same baroclinic disturbance. The tempo-
ral evolution of the regional T ′ composites are shown in
Figure 3(b)–(e). In R4, to the south of SEPG, the warm
anomaly begins almost synchronously with that of SEPG,
due to the meridional temperature advection caused by
the anticyclonic circulation depicted in Figure 2(a). The
warming in R4 shows a lower magnitude than in SEPG
and reaches a maximum of nearly 3 ∘C on day 0. The
lags observed in R2, R1, and Rosario indicate that the T ′

anomaly propagates from South to North. The magnitude
of the warm anomaly in R2 is comparable with that of
the heat wave in SEPG, which lies directly to its south.
Although the onset of the event in R2 occurs later than
in SEPG, after day 0 both signals evolve similarly, and

thus the local warm perturbation lasts less than in SEPG.
In R1, we observe a cold perturbation on day −2 associ-
ated with the cold advection promoted in that region by the
southeasterly wind anomaly induced by the anticyclone.
This signal evolves later into a local warming anomaly,
reaching a moderate maximum of nearly 2 ∘C on day 2.
Further north, next to Rosario, we just recognize a cold
perturbation that is almost in phase with the heat wave sig-
nal from SEPG. This subtropical cooling corresponds to
the temperature dipole pattern induced by the trough-ridge
system.

3.2. The wave train pattern over the South Pacific

In this subsection, we analyse the mid-level circulation
anomalies associated with intraseasonal heat waves in
SEPG on the hemispheric scale. They are described by the
intraseasonal anomalies of geopotential height at 500 hPa,
i.e. z500′. The 15-day sequence of z500′ composites over
the South Pacific Basin centred on day 0 (Figure 4) shows
on day −7 a negative height anomaly to the south of
SE Australia and a positive anomaly to the SE of New
Zealand. From that day onwards, we observe both features
moving eastward from Oceania with a phase speed of
around 6–7∘ per day, embedded in a developing wave
train pattern extended along the South Pacific. On day −4,
the negative anomaly observed on day −7 to the south of
SE Australia is located over the Southern Island of New
Zealand and persists in that position over the next days

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)
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Figure 5. Composite fields over Oceania based on the 201 heat wave events at SEPG, centred on day 0, shown from day −6 until day 0. Upper
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are statistically significant at 95%; for prate′, a Monte Carlo calculation was made with 500 composites of 201 members.

while its intensity decays. At the easterly edge of the wave
train, we observe a strengthening ridge over the southern
tip of South America. On day −1, the positive centre is
located to the east of SSA and reaches its peak intensity.
By day +3, the anticyclonic anomaly is centred over the
southwest Atlantic and progressively weakens.

It is worth to comment that this anticyclonic anomaly,
which will induce the heat waves in SEPG, progresses very
slowly from its location to the west of the southern tip
of the continent on day −5 to day +4, when it is found
off the eastern coast of SSA. Essentially, a 2-wave packet
is discernible all along the evolution of the large-scale
pattern, although different waves determine it. Between
day −1 and day 0, the upstream wave decays while a new
wave develops downstream. This could be an evidence
of downstream baroclinic development, a process that has
been identified in previous works (Lee and Held, 1993;
Orlanski and Chang, 1993).

The z500′ composites suggest a relationship between the
heat wave signal in SEPG and the circulation in the South
Pacific and over Oceania. Similar wave trains linking the
climate variability over the western south Pacific region
with that over South America have been previously iden-
tified on interannual timescales (e.g. Berman et al., 2013)
and also on intraseasonal timescales (e.g. Liebmann et al.,
2004). The spatial structure of the z500′ pattern together
with the source region of the anomalies strongly insinu-
ates that the Madden–Julian Oscillation (MJO, Madden
and Julian (1971)) might be involved in its triggering.
Indeed, the MJO is the leading intraseasonal variability
mode within the tropics. It consists of a perturbation in
the atmospheric circulation and in deep convection that
propagates eastwards, and is associated with temperature
and precipitation anomalies not just in the tropical band,
but also beyond it through teleconnection patterns (Zhang,
2005, 2013). Alvarez et al. (2015) extensively described
the influence of the MJO in both SAT and precipitation
in South America. The complete analysis devoted to
the modulation of SAT in Patagonia and its relationship
with the occurrence of heat waves in SEPG is the focus
of a further study of the same authors of present paper
(Jacques-Coper et al., 2015).

We also explore the teleconnection that consists in the
anticorrelation pattern between temperature anomalies in
SSA and precipitation anomalies in SE Australia on the
interannual timescale (Jacques-Coper and Brönnimann,
2014). A more profound understanding of this teleconnec-
tion might be useful as a further source of validation of
the remote signals associated with the heat wave events in
SEPG. Figure 5 shows the slp′ and prate′ composites for
Oceania based on the heat wave events identified at SEPG,
displayed between day −6 and day 0. In correspondence
with the eastward propagation of a slp′ cyclonic anomaly
over the Tasman Sea, we identify a dry (wet) pattern over
SE Australia (South Island of New Zealand) that peaks
around day−4. Positive prate′ anomalies are observed over
the North Island of New Zealand until day −5. These sig-
nals, showing dry conditions in SE Australia and wet con-
ditions over New Zealand by day −5, are well captured
in the time series of Figure 1(e). The dry anomaly in SE
Australia during the first days of the evolution seems then
to be caused by the cyclonic circulation over the Tasman
Sea. Relatively dry air masses are transported eastward
from the Australian continent to the Sea, which is the oppo-
site pattern of the easterly anomaly that typically leads to
precipitation over that region (Rakich et al., 2008). Con-
trastingly, relatively moist air masses are advected by this
system from the west towards New Zealand, inducing the
local wet anomaly, in agreement with Ummenhofer and
England (2007).

As a means to validate our results, we use meteorolog-
ical observations from SE Australia and New Zealand to
analyse the precipitation probability perturbations related
to the heat wave events identified for SEPG in 20CRv2.
For that, we use composites of 21-day sequences of pre-
cipitation, centred on day 0. The methodology followed
for calculating the rain probability perturbations and the
corresponding results are described in the Appendix.

4. The heat wave events and the SACZ

Cerne and Vera (2011) showed that summer heat waves
in Rosario (Figure 3) are strongly influenced by the SACZ
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dynamics. Enhanced convection in the SACZ (i.e. an active
SACZ) induces subsidence over the region around Rosario
and thus reinforces the local temperature rise through adi-
abatic warming and diabatic processes. The sub-monthly
(2–30-day range) variability of the SACZ is related to a
nearly equivalent barotropic wave train circulation pattern
over the South Pacific (Liebmann et al., 1999), a feature
that resembles the results presented in this study. More-
over, Lima et al. (2010) found a well-defined wave train
over the south Pacific and South America, with a strong
ridge over Argentina and active SACZ conditions in asso-
ciation with heavy rainfall episodes in southeast Brazil.
Indeed, a remote manifestation observed in connection
with the heat waves in SEPG is a wet anomaly signal in
the SACZ from day −2 onwards (Figure 2(c)). Because
the SACZ, a quasi-stationary system, is related to several
climate impacts in South America, as shown above, it is of
interest to explore to which extent the intraseasonal vari-
ability of convection in that region is linked to the devel-
opment of heat waves over SEPG.

To investigate the connection between the SACZ and
the heat waves in SEPG, we define a SACZ index as
the spatial mean value of the 𝜔500′ anomalies within
18∘–30∘S; 20∘–44∘W (Figure 1(a)). For this definition,
as in Cerne and Vera (2011), we use anomalies that result
from subtracting the seasonal cycle from the raw values but
retaining the interannual anomalies. We classify the daily
SACZ activity based on the area-mean sign of these local
𝜔500′ anomalies. Hence, an active (non-active) SACZ cor-
responds to abnormal ascent (descent) conditions deter-
mined by negative (positive) 𝜔500′ anomalies spatially
averaged over the SACZ region (Figure 1(a)), and is here-
after abbreviated as A_SACZ (NA_SACZ).

The dynamical conditions associated with heat wave
events in SEPG and further discriminated by the SACZ
activity are shown in Figure 6. Our results show that 135
out of the 201 heat wave events (67.2%) occur during
active SACZ periods. As shown in Figure 6(a), these cases
exhibit an enhanced ascent band in the SACZ region and
a subsidence area over southeastern South America (at
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around 30∘S); both anomalies are oriented in the NW–SE
direction and extend well into the southwest Atlantic. Also
weak ascent is observed over the southern tip of the con-
tinent. In contrast, non-active SACZ cases (Figure 6(d))
imply very weak subsidence over the SACZ, suppressed
subsidence over subtropical South America and the south-
west Atlantic (spatially more restricted than in the previ-
ous case) and ascent again over southern Patagonia. As
a consequence, the 𝜔500′ difference field (Figure 6(g)),
calculated as A_SACZ – NA_SACZ, shows a similar
ascent–subsidence–ascent pattern as for the A_SACZ
cases, although no signal is detected over SEPG. Thus,
we can only infer that stronger heat waves are related to
stronger 𝜔500′ anomalies over the southern half of South
America. No significant upstream effect of the SACZ on
SEPG can be identified.

The corresponding z500′ sequences (not shown) reveal
stronger anomalies within the wave train pattern in the
South Pacific in connection with the A_SACZ events. In
particular, the anticyclonic anomaly over SSA appears
sooner and is more pronounced in the A_SACZ com-
posite than in the NA_SACZ one. This feature seems
to slightly enhance the warming observed before at the
peak of the heat wave (day 0) for the A_SACZ compos-
ite with respect to the NA_SACZ composite (Figure 6(i);
T ′ differences of +1.8 ∘C on day −6 and +0.3 ∘C on
day 0).

5. Possible relationships between the intraseasonal
circulation anomalies and the interannual and
decadal timescales

In this section, we analyse a possible link between
the intraseasonal heat wave events in SEPG and the
interannual variability of the DJF temperature means
(summer-to-summer variability). For that, we use the DJF
mean SAT anomaly time series over SEPG (1878–2004),

from which the interdecadal variability has been pre-
viously removed (calculation described in Section 2).
Extreme warm (cold) summers are defined as those
whose seasonal SAT mean exceeds one positive (negative)
long-term summer-to-summer standard deviation (0.63 ∘C
within 1878–2004). We found that 23 (28) heat waves
occur during 12 (14) extreme warm (cold) summers (see
Table 3). That is, these 12 (14) extreme warm (cold)
summers, which correspond to 9.4% (11.0%) of the total
record length of 127 years, account for 11.4% (13.9%)
of the total 201 heat wave events. Therefore, heat waves
do not tend to concentrate in years with extreme seasonal
means.

The relationship to be analysed between both timescales
is the spatial structure of the wave train patterns leading
to heat waves in SEPG in positive and negative extreme
years. Figure 7 shows the wave train pattern observed on
day 0 for the composite of (1) all 201 heat waves, (2) 23
heat waves within extreme positive summers, and (3) 28
heat waves within extreme negative summers, and their
respective difference fields. The anomaly field of extreme
warm summers compared with all events (Figure 7(b),
black contours) indicates that the wave train associated
with this group exhibits stronger positive values south of
Australia, as well as south of 60∘S next to the Ross Sea
(around the date line), and off Dronning Maud Land in
Antarctica (at the Greenwich Meridian). For this com-
posite, we also observe a strengthened western flank of
the anticyclonic anomaly over SSA, whereas the cyclonic
anomaly located to its west, in the southeast Pacific, is
weaker than in the composite of all events. Moreover,
there is also a stronger cyclonic anomaly in the south
Atlantic (the one related to the SACZ), and also south of
South Africa. In contrast, in association with extreme cold
summers (Figure 7(c)), the composite wave train pattern
seems to be more zonal-shaped and also meridionally
more restricted (within ∼30∘S and 60∘S) than the one of
the warm years (Figure 7(b)). Moreover, within the cold

Table 3. Heat waves identified within warm and cold summers.

23 heat waves within 12 warm summers 28 heat waves within 14 cold summers

1923 (1) 1944 (3) 1962 (2) 1979 (2) 1910 (2) 1951 (3) 1966 (3) 1977 (2) 1992 (3)
1926 (1) 1952 (1) 1963 (3) 1984 (3) 1947 (3) 1956 (1) 1971 (1) 1981 (2) 1996 (2)
1931 (2) 1960 (1) 1978 (2) 1985 (2) 1948 (1) 1959 (2) 1972 (1) 1988 (2)

The number of events per season is indicated in brackets.

Warm summers: 23 / 12510All events: 201 / 12510 Cold summers: 28 / 12510(a) (b) (c)
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Figure 7. Composites of z500′ considering heat waves within (a) 1872–2010 (n= 201), (b) 12 extreme warm summers (n= 23), and (c) 14 extreme
cold summers (n= 28); thin solid red/dashed blue contours denote positive/negative values every 20 gpm; zero contour omitted. For (b) and (c),
see Table 3. The difference fields of the spatial structures of the aforementioned groups are also shown: (a) extreme warm summers – extreme
cold summers, (b) extreme warm summers – all events, and (c) extreme cold summers – all events; thick solid black/dashed black contours denote
positive/negative difference values every 20 gpm; zero contour omitted. Black dots indicate the statistical significance of the difference fields at 95%.
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Figure 8. Sequence of composite fields of z500′ between day −2 and day 2 considering heat wave events within (a) 1872–2010 (201 events), (b)
1911–1930 (27 events), (c) 1935–1975 (69 events), and (d) 1981–2010 (49 events). Solid red (dashed blue) contours every 20 gpm denote positive

(negative) anomalies; zero contour omitted. Statistically significant anomalies at 95% are depicted by black dots.

composite, while no cyclonic anomaly can be seen over
New Zealand, we observe an anticyclonic anomaly around
45∘S; 140∘W. Furthermore, in this composite, the cyclonic
anomaly in the southeast Pacific (upstream of SSA) is
stronger than in the previous composites, whereas the
cyclonic anomaly in the south Atlantic (downstream of
SSA) is located more to the south. South of South Africa,
an anticyclonic anomaly is found for this cold summers
group. Consequently, the difference between warm (pos-
itive) and cold (negative) extreme summers (Figure 7(a),
black contours) exhibits positive anomalies to the south
of Australia, over the Ross Sea, to the west of SSA, and
off Dronning Maud Land in Antarctica. In turn, negative
anomalies are observed over New Zealand, at 45∘S;
140∘W, in the south Atlantic, and south of South Africa.
We conclude that, within extreme warm summers, the slp′

anomaly related to the action centre over SSA and the
southwest Atlantic tends to be slightly shifted to the west
than those of the composites of extreme negative years
and of all events. Moreover, the mean wave train pattern
for cold summers seems to exhibit a more zonal pattern
than that of the warm summers. Thus, the group of heat
waves within extreme warm summers tends to resemble
more the composite of events found for active SACZ.

Another aspect worthy of being investigated in long-term
reconstructions is the possible temporal variation of the
spatial structure of the wave train pattern identified in
z500′ in association with heat wave events in SEPG.
It is important to point out that geopotential heights
at 500 hPa are derived in the 20CRv2 data set from
observations of surface pressure only, which are com-
bined with background first-guess fields supplied by global
model forecasts (Compo et al., 2011). Therefore, consid-
ering the important deficiencies in the observation spatial
coverage in the Southern Hemisphere, particularly dur-
ing the early decades, the geopotential height fields are
model-dependent. Thus, caution should be taken in the
conclusions that emerge from these fields.

The interdecadal summer SAT variability in SSA is dom-
inated by a mode that is correlated to the Pacific Decadal

Oscillation (PDO) since the 1960s but appears to be out
of phase with it during the first decades of the 20th cen-
tury (Jacques-Coper and Brönnimann, 2014). This main
interdecadal variability mode defines warm decadal peri-
ods between early 1910s and early 1930s and between
late 1970s and mid-1990s, and a cold period amid them.
Therefore, we compute separate composites of z500′ asso-
ciated with heat wave events in SEPG for the following
sub-periods: 1911–1930, 1935–1975, and 1981–2000.
The number of heat waves (n) within each of these three
periods are n= 27 or 1.35 events year−1, n= 69 or 1.68
events year−1, and n= 49 or 2.45 events year−1, respec-
tively. The corresponding z500′ composites, along with the
composite computed for the whole period, 1872–2010, are
shown in Figure 8, spanning between day −2 and day +2
from day 0. The arch shape of the z500′ wave train pat-
tern during 1872–2010 resembles better the composite of
the cold multidecadal period 1935–1979 than those of the
warm periods 1911–1930 and 1981–2000, which exhibit
more zonal patterns. Besides, during 1981–2000, which
was a relatively warm period within SEPG in particular for
summer (Jacques-Coper and Garreaud, 2014), a higher fre-
quency of events per year is registered and their associated
z500′ anomalies appear stronger than during the preceding
periods.

A conclusive explanation to these observations lies
beyond the scope of this study and modelling work should
be performed in order to address these aspects, in partic-
ular regarding how the climate background state, partly
linked to the large-scale low-frequency variability (e.g. the
PDO and global warming), might affect the occurrence
of extreme events such as heat waves in Patagonia. How-
ever, we suggest some links to previous results that could
be of interest for further research. The positive phase of
the Southern Annular Mode (SAM), a mode with a broad
variability spectrum, is associated with warm conditions
in SSA (Gillett et al., 2006; Garreaud et al., 2009). More-
over, a strong positive trend of the SAM index, observed
since mid-1970s (Thompson and Solomon, 2002; Mar-
shall, 2003), has been related to a southward shift of the

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)



INTRASEASONAL SUMMER HEAT WAVES IN SOUTHEASTERN PATAGONIA

mid-latitude storm track and to the poleward shift of frontal
activity in the Southern Hemisphere, mainly during the
warm season (Solman and Orlanski, 2013). These obser-
vations are consistent with the more zonal-shaped wave
train pattern observed during 1981–2000 in Figure 8(d),
which does not clearly show the equatorward deflec-
tion over South America and the south Atlantic observed
for the other periods. There are many possible implica-
tions of this change on the orientation of the waveguide
since mid-1970s, including those related to disruptions
of teleconnections between Oceania and South America
(Jacques-Coper and Brönnimann, 2014) and also between
South America and South Africa (Compagnucci et al.,
2002). However, no similar explanation for the more zonal
shape of the wave train pattern during the first warm period
1911–1930 is evidently linked to a concurrent positive
trend of the summer (DJF) SAM index (Jones et al., 2009;
Abram et al., 2014).

6. Summary and conclusions

We have analysed the occurrence of summertime heat
wave events in SEPG since the late 19th century using
the 20CRv2. A total of 201 heat wave events were identi-
fied for 1872–2010. The associated regional intraseasonal
anomalies of temperature (T ′) affect a broad area in SSA
on both sides of the Andes.

Local instrumental SAT records show that 20CRv2 cap-
tures the timing and structure of intraseasonal heat waves
in SEPG. Their evolution is described by the 21-day com-
posites of various variables centred at day 0. This day cor-
responds to the first day of a cluster of days that satisfy
the conditions of intensity and persistence which define a
heat wave. Moreover, day 0 coincides with the T ′ peak of
4.3 ∘C. The temperature increase is observed from day −3
onwards, and the warm anomaly then typically lasts until
day 10. The positive perturbation of slp′ peaks at day −2
over SEPG and decays thereafter. Local warming is hence
related to the eastward drift of a surface anticyclone, which
is situated to the east of SEPG at day 0. In agreement with
the baroclinic structure of this perturbation on the east-
ern side of the Andes, z500′ reaches its highest value over
SEPG on day −1. As a consequence of these circulation
anomalies, a dry anomaly is observed in SSA between days
−4 and 1. A typical heat wave in SEPG is accompanied by
a regional warming effect throughout Patagonia, which is
first observed at the southern tip of the continent and prop-
agates northward. Moreover, at subtropical latitudes, these
events are related to moderate cooling. This fact explains
the resemblance between the sequence of fields presented
here and those associated with the intrusion of cold air over
subtropical South America by Garreaud (2000). Thus, we
have extended the results of that study into a subcontinen-
tal context and have complemented it with a perspective
on the associated large-scale circulation anomalies.

Our findings show that heat waves in SEPG are related
to large-scale circulation anomalies that are visible at least
1 week in advance in the South Pacific. Although previ-
ous studies (e.g. Cazes-Boezio et al., 2003; Robertson and

Mechoso, 2003) did not find recurrent circulation regimes
there during summer, we do see that they appear in con-
nection to extreme temperature events in SSA. Based on
this result, we also explored climate signals in Oceania
that co-occur with the heat wave events in SEPG. We
found in 20CRv2 that the anticyclone that precedes a heat
wave over SEPG is also related to a cyclonic anomaly over
the Tasman Sea. Both circulation anomalies are embedded
in a quasi-stationary wave-train-like pattern with negative
(positive) action centres in New Zealand and to the west
of South America (north of the Ross Sea and SSA). The
cyclonic anomaly over the Tasman Sea propagates east-
ward from a position south of SE Australia on day −6 and
reaches New Zealand on day −4, inducing dry conditions
in the former region and a wet anomaly in the latter one,
a result confirmed by century-long instrumental records.
The wave train pattern is evident from day −6 onwards
and resembles the structure described for the interannual
summer SAT variability in Eastern SSA by Jacques-Coper
and Brönnimann (2014), who showed an anticorrelation
between precipitation in southeastern Australia and SAT
in Eastern SSA. Hence, this result provides an explanation
for the origin of the said teleconnection at intraseasonal
and interannual timescales.

The analysis on the source of this wave train pattern
is beyond the goals of this study. However, its relation-
ship with the MJO is further explored in an additional
paper by the same authors of the present contribution
(Jacques-Coper et al., 2015).

Two thirds of the heat wave events in SEPG are related
to convective conditions in the SACZ, although no evi-
dent upstream effect can be identified in SEPG considering
the anomalies induced by the wave train pattern. The cor-
responding circulation anomalies shown in this study are
similar to those related to the summer sub-monthly activity
of the SACZ, a quasi-stationary system (Liebmann et al.,
1999; Lima et al., 2010). Moreover, Carvalho et al. (2002)
found ascent conditions over the southwest Atlantic that
are similar to the fields shown in this work in connec-
tion with a weak-oceanic pattern of outgoing longwave
radiation anomalies in the SACZ. This pattern induces
extreme precipitation events in the coastal region of south-
east Brazil, a result that is also consistent with the precip-
itation composites shown in the present paper. Hence, our
findings provide a continental context not just for temper-
ature but also for precipitation impacts related to subsea-
sonal wave-train-like circulation anomalies over the South
Pacific and South America.

Finally, we proposed a link between the wave
train pattern anomalies on intraseasonal, interannual
(summer-to-summer), and decadal timescales. We found
that intraseasonal heat waves occurring in extreme warm
summers (i.e. in years with strong positive seasonal SAT
means) show a less zonal wave train pattern of geopoten-
tial height at 500 hPa (resembling more the active SACZ
case), and that they are related to slightly westward-shifted
positive z500′ over SSA than those occurring in extreme
negative years (i.e. in years with strong negative seasonal
SAT means). The decadal modulation of the wave train
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pattern, as well as the interaction between timescales
regarding this feature, might be analysed in more detail in
further works.

The findings presented in this study unveil regional and
large-scale processes related to intraseasonal SAT pertur-
bations in SEPG. Besides, our results suggest a poten-
tial link between synoptic-to-intraseasonal phenomena and
previous results on the main interannual and interdecadal
SAT variability modes of SSA. The use of independent
instrumental data adds robustness to this study and pro-
vides a means of validation of 20CRv2 in the Southern
Hemisphere. In particular, the signal found in century-long
daily precipitation records from Oceania confirms the tele-
connection between this region and SEPG. Modelling
studies could aim at exploring dynamical features related
to open issues raised by this study, such as the origin of the
wave train pattern linked to the heat waves in SEPG and its
interdecadal modulation.
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Appendix

Calculation of precipitation probability perturbations
in Oceania

In order to compute the precipitation probability pertur-
bations for stations of SE Australia and New Zealand,
related to heat wave events in SEPG, we first define a
mean precipitation background probability from the cli-
matology. For each of the analysed precipitation records,
we identify daily rainy events from November to March
during the period 1961–1990 according to the thresholds
1 and 10 mm. Each day is assigned a 1 in case of pre-
cipitation excess of a given threshold and a 0 otherwise.
Thus, for each threshold, the background probability of
rain for every Julian day within this period corresponds to
the 30-year average of this binary classification.

Then, we compute the local precipitation signal associ-
ated with heat wave events in SEPG. For every rainfall
record and precipitation threshold, we form 21-day binary
rainfall sequences associated with each heat wave event in
SEPG that overlap the rainfall data (i.e. a total number of

201 sequences or less), centred on day 0. One should note
that the heat wave events may partly fall within the ref-
erence period (1961–1990). The mean probability of rain
for each day within these sequences is calculated again as
an average, i.e. the number of rainy events on a certain
date within the sequence composite divided by the total
number of heat waves considered. For each precipitation
record, this results in a rain probability sequence of 21 days
associated with heat wave events, centred on day 0, called
hwrpbb.

The next step is to calculate the probability of rain that
a sequence of 21 days centred on the same Julian days
as those of the heat waves (day 0) would have if they
were referenced to the norm, i.e. within the background
probability of 1961–1990. This results in a sequence of
mean probability of the composite calculated from the
norm, which we denominate normrpbb.

Finally, the sequence of probability perturbations asso-
ciated with heat wave events compared with the climato-
logical background probability is simply given by

Δrpbb = hwrpbb − normrpbb (A1)

So defined, Δrpbb represents the mean local change of rain
probability for every day of the sequence centred on day
0, i.e. the mean heat wave, in comparison to the reference
period 1961–1990.

We assess the robustness of this signal through Monte
Carlo realizations. For each station, we select 1000 com-
posites of 201 21-day sequences centred on random days
from the whole precipitation record. We then repeat the
aforementioned procedure to calculate the sequence of
mean probability perturbations associated with these
groups of random events. This results in a distribution of
probability perturbation values for each one of the 21 days
of the sequence. In the end, we compare Δrpbb with the
sequence of means of those distributions, and also with
the sequences of the 25 and 75% percentiles.

Figure S3 shows the probability perturbations of precip-
itation computed for SE Australia (Cataract Dam Station,
upper panel) and the South Island of New Zealand (Horo-
rata Station; lower panel) in association with heat wave
events in SEPG. Black (white) bars represent the probabil-
ity perturbations computed for each day of the sequence,
associated with precipitation in excess of 1 mm (10 mm).
Blue (red) curves show the mean and 25 and 75% per-
centiles of the Monte Carlo distributions for those thresh-
olds. In SE Australia (Figure S3(a)), we observe almost
only negative perturbations, i.e. less probability of rain in
this area, in connection with heat waves in SEPG. In par-
ticular, for events above 1 mm, we identify dry conditions
between days −10 and 3, and 8 and 10 and a wet clus-
ter in-between, from day 4 until day 7. The perturbation
in rain probability related to events exceeding 10 mm fol-
lows a similar behaviour. Compared with the 1 mm events,
in this case the probability differences are mostly lower
due to the also lower frequency of these stronger events
(Table S1). The fact that the mean distribution of the ran-
dom sequences is negative points to the wet bias and the
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higher probability of rain exceeding the defined thresholds
in this region during the reference period 1961–1990 in
comparison with the whole period (Table S1).

In turn, the record from the South Island of New Zealand
(Figure S3(b)) exhibits positive probability perturbations
of rain events above 1 mm, i.e. wet conditions, between
days −10 and 0, with a peak on day −5, and again on
day 7. Although the signal associated with rain events
larger than 10 mm follows a similar pattern, it shows much
lower amplitude, reflecting again the fact that these events
are less frequent than those exceeding 1 mm (Table S1).
The little positive departure from zero of the random
1 mm signal is not caused by a mean precipitation bias of
the reference period 1961–1990 compared to the whole
period, but apparently by the fact that the rain probability
associated with events exceeding this threshold is lower
during 1961–1990 (Table S1).

We conclude that the precipitation probability perturba-
tions in SE Australia and New Zealand, detected in instru-
mental records from both regions and concurrent with
the occurrence of heat wave events in SEPG, confirm the
prate′ signals found in reanalysis data (Figure 1(e), cyan
and green curves). Therefore, they provide a means for a
remote validation of the robustness of the heat wave and
teleconnection signals detected in 20CRv2.

Supporting Information

The following supporting information is available as part
of the online article:
Figure S1. Composite fields of intraseasonal anomalies
of temperature advection at 925 hPa around day 0, from
day −2 until day 2, considering the 201 heat wave events
(contours every 2× 10−6 K s−1): (a) zonal component, (b)
meridional component, and (c) total horizontal tempera-
ture advection (sum of the zonal and the meridional com-
ponent). In all panels, wind′ at 10 m is also plotted (as in
Figure 2(a)).
Figure S2. 21-day composite sequences of T ′ from
20CRv2 and the instrumental records, associated with
the 201 heat wave events in SEPG identified in 20CRv2,
centred on day 0: SEPG mean (grey curve, 20CRv2,
1872–2010, same as in Figure 1(a)), closest gridpoint
to the station (green curve, 20CRv2, 1872–2010),
and instrumental time series of minimum temperature
(Tn

′, blue curve, 1957–2010), maximum temperature
(Tx

′, red curve, 1957–2010), and mean temperature
(Tm

′, calculated as the average of Tn
′ and Tx

′, black
curve, 1957–2010). Stations correspond to (top panel)
Comodoro Rivadavia and (Bottom panel) Río Gallegos.
Figure S3. Changes in probability of rain exceeding 1
and 10 mm (black and white bars, respectively) during the
21-day sequence of days centred on day 0 for (a) Cataract
Dam Station (Southeastern Australia) and (b) Hororata
Station (South Island of New Zealand); see Table S1. The
reference period is 1961–1990. Continuous blue and red
curves depict the mean values obtained for events above 1
and 10 mm, respectively, through a Monte Carlo approach

of 1000 random realizations; dashed curves represent the
25 and 75% percentiles of the corresponding distributions.
Table S1. November–March (NDJFM) precipitation
statistics for two stations in Oceania.
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