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Abstract We classified 34 years of winter daily 500 hPa
geopotential height patterns over the eastern South Pa-
cific-South America-South Atlantic region using the
K-means clustering method. We found a significant
classification into five weather regimes (WRs) defined as
the most frequent large-scale circulation anomalies:
WRI1 (trough centred downstream of the Drake Pas-
sage), WR2 (trough over the SW Pacific and ridge
downstream), WR3 (ridge over the SE Pacific and NW-
SE trough downstream), WR4 (trough over the SE
Pacific and NW-SE ridge downstream) and WRS5 (weak
ridge to the west of southern South America). We also
analysed their persistence and temporal evolution, in-
cluding transitions between them and development
around onsets and breaks of each regime. The preferred
transitions, WRI — WR3 - WR2 - WR4 — WRI1
and also WR1 - WR3 - WR2 — WRI, suggest the
progression of a Rossby wave-like pattern in which each
of the regimes resemble the Pacific-South America
modes. Significant influence of the WRs on local climate
over Argentina was found. The preferred transitions
WR1 — WR3 and WR3 — WR2 induce sustained cold
conditions over Patagonia and over northern Argentina,
respectively. The most significant change in precipitation
frequency is found for WR3, with wetter conditions over
all the analysed regions. Finally, the interannual to in-
terdecadal significant variations in the occurrence of
these regimes were discussed. WR1 and WR3 are more
frequent and WR2 is less frequent during El Nifio, and
WR2 and WRS are more frequent and WRI is less
frequent during La Nina. A significant decrease in WR2
and increase of WR4 and WRS5 during the 1970s and
early 1980s were found.
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1 Introduction

Wintertime extratropical atmospheric flows are charac-
terised by certain large-scale patterns that appear recur-
rently at fixed locations remaining beyond the lifetime of
individual synoptic-scale systems. A large part of the in-
traseasonal variability of the Southern Hemisphere (SH)
is related to the alternating between such large-scale cir-
culation patterns. Previous studies found that the leading
modes of both intraseasonal and interannual variability
over the SH display a dominance of wave 3 and 4 struc-
tures, with fluctuations in similar locations on a broad
range of time scales (Kiladis and Mo 1998). The
low-frequency variability consists basically of a mid- to
high-latitude vacillation in the zonal wind strength (the
high-latitude mode, Kidson 1988) and two eastward
propagating wave 3 modes in quadrature with each other.
These represent Rossby wave trains over the South Pacific
characterised by a wave-like pattern extending from the
central Pacific arching to Argentina and propagating
equatorward into the Atlantic Ocean. They are referred to
as the Pacific-South American modes (Ghil and Mo 1991;
Mo and Higgins 1998) and represent the main modes of
low-frequency oscillation in the SH (nevertheless, it
should be mentioned that these are not the only Rossby
wave patterns that propagate in these regions).
Extratropical atmospheric flow regimes, or weather
regimes (WRs), can be described in terms of geographi-
cally fixed large-scale circulation anomalies that appear
intermittently or episodically. There are several ap-
proaches to classify WRs based on their different prop-
erties: persistence, recurrence, and quasi-stationarity (see
review by Michelangeli et al. 1995; MVL hereafter).
Though different techniques exist for classifying WRs,
basically those devoted to find the states that maximise the
probability density function (e.g. Kimoto and Ghil 1993;
Robertson and Ghil 1999), those in which WRs are
defined as quasi-stationary states of the atmospheric cir-
culation (e.g. Vautard 1990) and those in which recurrent
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patterns are identified (e.g. MVL; Plaut and Simonnet
2001), in fact there is no optimal way of classifying WRs.
Moreover, some of the papers mentioned found that WRs
obtained using different techniques are quite similar. The
literature in which these techniques have been largely
applied focused mainly on the North Atlantic and North
Pacific circulation patterns.

One major aim of this study is to identify the WRs
over the eastern South Pacific-South America-South
Atlantic region, their persistence, and their temporal
evolution including transitions between WRs and de-
velopment around onsets and breaks of each regime. We
define WR as the most frequently occurring patterns and
we apply the K-means clustering method based on pat-
tern recurrence as used by MVL. This is a partitioning
method that classifies all days into a predefined number
of clusters and the method minimises the variance within
the set of clusters. Descriptions of the rapid transitions
between the WRs, associated with the nonlinearity of the
atmospheric dynamics are necessary in order to com-
plete the picture of the climate variability in the region.

Synoptic activity, which determines local weather, is
influenced by the atmospheric large-scale patterns and in
particular by their amplitude and location. Therefore,
another motivation is to investigate the linkage between
WRs and local weather patterns over Argentina. This
approach provides a worthy starting point for a down-
scaling method to local weather (e.g. Robertson and
Ghil 1999; Plaut and Simonnet 2001), characterised by
e.g. surface temperature and precipitation.

Finally, we also investigate the relationships between
WRs and lower-frequency variability (interannual, inter-
decadal). The SH atmospheric circulation exhibits sig-
nificant patterns of interannual to interdecadal variations
(Garreaud and Battisti 1999; Kidson 1999 and references
therein). Increased understanding of the relationships
between the low-frequency variations and the WRs is
necessary to better establish the nature and mechanisms of
the large-scale interaction in the SH and their regional
impacts over southern South America. In this sense, an
important issue is to determine whether specific WRs tend
to occur at particular phases of El Nifio-Southern Oscil-
lation cycle (ENSO) and, also, to investigate changes in
the frequency of regimes over the last decades.

The study is organised as follows. Section 2 describes
the dataset and statistical methodology applied. Then we
proceed in Sect. 3 to the classification of the WRs, their
spatial patterns and temporal evolution. Linkage between
the obtained WRs and local climates over Argentina is
analysed in Sect. 4. Interannual and interdecadal vari-
ability of WRs frequencies are presented in Sect. 5 and a
summary and concluding remarks are found in Sect. 6.

2 Data and methodology

In order to perform the classification of WRs we used 34 years of
the NCAR/NCEP re-analysis data set comprising daily averages of
500 hPa geopotential heights for the period 1966-1999 in a

2.5° x 2.5° latitude—longitude grid (Kalnay et al. 1996). They rep-
resent one of the most complete, physically consistent atmospheric
datasets and have been used for a wide range of studies in the SH.
Though the reanalyses data assimilation system remained fixed, it
could be affected by changes in the observing system, particularly
due to the lack of satellite data over the Southern Ocean prior to
1979. Discussions about its quality on a monthly mean and daily
basis over the SH can be found in Garreaud and Battisti (1999),
Simmonds and Keay (2000), Renwick and Revell (1999), Kistler
et al. (2001), Carril and Navarra (2001). In a previous study
(Solman and Menéndez 2002) the stability of some synoptic-scale
patterns has been demonstrated and thus we can consider this
dataset to be reasonably homogeneous for the study of the large-
scale circulation during the period.

We considered SH winter season, as the 92-days period from 1
June to 31 August. The domain chosen extends from 120°W to
20°W and from 85°S to 20°S, and it was defined to study the large-
scale circulation patterns that affect the South eastern Pacific —
South America — South Atlantic sector. It includes 1025 gridpoints.
Although the data contain 92 x 34 = 3128 maps these are not
statistically independent of each other. For statistical purposes,
based on autocorrelation statistics, we have considered only 300
degrees of freedom.

No prior classification into weather regimes using such a long
database has been made for southern South America. However, it
should be mentioned that Compagnucci et al. (1985) discussed
different methodologies for classification of synoptic situations for
this region and Compagnucci and Salles (1997) characterised the
main synoptic patterns over southern South America by means of a
principal component analysis of observed daily sea-level pressure
for the period 1972-1983.

In order to link the WRs with the regional climate we have used
temperature and precipitation station data. The regional datasets
consist of daily precipitation station data for central and northern
Argentina (although a few Brazilian stations were also included)
from a database of the Department of Atmospheric and Oceanic
Sciences (University of Buenos Aires) and daily temperature
maxima and minima from 77 stations within Argentina, provided
by the National Meteorological Service of Argentina and compiled
by Rusticucci and Barrucand (2002), for the period 1959-1998.
Daily averages of temperature are formed from the daily maxima
and minima.

The identification of WRs has been performed following the
clustering algorithm from MVL, named the K-means clustering
method, which is a partitioning algorithm known as the dynamic
cluster method based on recurrent patterns (ANAXV package
provided by the Laboratoire de Météorologie Dynamique/CNRS,
France). This methodology has been used in several studies to
classify large-scale circulation patterns in the Northern Hemisphere
(e.g. Robertson and Ghil 1999; Kageyama et al. 1999; Plaut and
Simonnet 2001). A complete description of the method used here
can be found in MVL and only a brief summary will be presented.
We first subtract the climatological average from the data and work
on the anomalies from this average, as in Kageyama et al. (1999).
No prior time filtering is performed. After removing the grand
mean to define the anomalies, an EOF analysis is first performed in
order to reduce the dimension of the data set. The projections on
the eight leading eigenvectors are retained which explain 83% of the
variance. This procedure represents a spatial filtering which has
the advantage of compressing the information along directions
in the phase space that retain most of the variability. The cluster
analysis is then performed in this reduced EOF space. Assuming a
predetermined number of clusters, the algorithm starts from a set
of as many random seeds as the chosen number of clusters and
finds a partition of the entire dataset that minimises the sum of
variances within each cluster. In order to find the optimal number
of clusters the clustering algorithm is run 50 times from different
initial sets of random seeds and a classifiability index is calculated
as the average of pattern correlation among the members of each
partition. The higher the classifiability index, the more similar the
members of each partition are and, then, the more robust
the classification is. This algorithm finds the optimal partition of
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the whole data set and forces each map to fall into one of the
identified clusters. In order to set significance limits for this index
this is compared to the results from a first order Markov process
having the same covariance matrices at lags 0 and 1 as the initial
data set. The classifiability index is then calculated for 100 random
samples and the upper and lower bound of confidence are assigned
to the 10'" highest and 10" lowest values of these indices. Then, the
classifiability index of the true data set is compared with these
bounds and the optimal number of clusters is defined as the one in
which the classifiability index of the true data set is higher than that
of the red noise model (MVL).

3 Weather regimes
3.1 Spatial patterns

Figure 1 shows the classifiability index as a function of
the number of clusters, k, together with confidence limits
of this index. The best choice for the number of clusters
is the one for which the classifiability index is signifi-
cantly higher than for the red noise model. Five clusters
are found to be the most significant classification for the
domain analysed. We performed several partitions
modifying slightly the size of the window and found the
same number of clusters arising as significant with the
same spatial patterns for each weather regime. Thus, we
concluded that the results shown are robust, indepen-
dently of the size of the spatial domain.

We focus now on the spatial patterns of the WRs.
Figure 2 displays the composite of the 500 hPa anoma-
lies for each cluster. This figure includes the frequency of
occurrence (as a percentage) in each class. As discussed
by Plaut and Simonnet (2001), the cluster central pat-
terns are not strictly weather regimes, in terms of being
synoptic-scale patterns, rather, they represent the most
recurrent and the more persistent anomalies in a given
domain. This is because the clustering methodology is
not able to capture the rapidly travelling anomalies and,

Classifiability index

0.6 : E : : :
4 6
Number of clusters

Fig. 1 Classifiability index as a function of the number of clusters k
(solid line). Dashed lines represent the upper and lower bounds
(90% and 10%, respectively) of the classifiability index calculated
from a red-noise model

thus, they represent frequencies lower than those on the
synoptic-scale. Nevertheless, as accepted in the litera-
ture, we will refer to these patterns as WRs.

WR 1 is characterised by a positive anomaly over the
southeastern Pacific Ocean and a negative anomaly over
the southwestern Atlantic Ocean, inducing an anomaly
in the advection that intensifies cold air advection over
southern South America. WR 2, is characterised by a
negative anomaly over the southeastern Pacific Ocean
and a positive anomaly east of the Antarctic Peninsula,
which resembles a blocking episode over the south At-
lantic Ocean, as described in Trenberth and Mo (1985).
This pattern induces anomalous northeasterly flow and
consequently a weakening of the westerlies over the
southern tip of South America. In WR 3, a positive
anomaly is positioned over the Bellingshausen Sea
(90°W), surrounded by negative anomalies over the mid-
latitudes Atlantic and Pacific oceans. This pattern
induces southeasterly flow anomalies and intensifies
cold-air advection over southern South America. WR 4
presents a cyclonic anomaly over the Bellingshausen Sea
and a positive one over the mid-latitudes Atlantic
Ocean, inducing enhanced mid-latitude westerlies over
Patagonia, and northeasterlies over much of subtropical
latitudes of South America. Finally, WR 5 is charac-
terised by a positive centre to the west of the southern tip
of South America and a trough over the Atlantic Ocean,
inducing a weakening of the westerlies over subtropical
latitudes, strengthening the sub-polar jet and intensify-
ing cold-air advection over southern South-America.
Concerning the vertical structure of the regimes, we
performed composites of geopotential height anomalies
for each WR at 1000, 850 and 300 hPa (not shown) and
we found that the structures are predominantly baro-
tropic.

The patterns detected from the cluster analysis, with
exception of WR 5, resemble PSA-like patterns found in
previous studies of intraseasonal variability of the SH.
WR 1 and WR 2 compare closely with PSA 1 mode for
negative and positive phases, respectively, and WR 3
and WR 4, compare with PSA 2 mode negative and
positive phases, respectively, constructed by Mo and
Higgins (1998). Moreover, WR 1 and WR 3 resemble the
typical composite for the warm phase of ENSO with a
blocking high over the southeastern Pacific Ocean, and
WR 2 agrees with classic composite for cold events (e.g.
Garreaud and Batisti 1999).

3.2 Persistence

Analysis of persistence of the weather regimes found and
transition among them is worth studying in terms of the
linkage with local weather conditions, mainly over the
continental area. In particular, persistence of anomalous
conditions in local weather could be inferred from WRs
persistence and their transitions. We will turn to this
point after analysing the composites of local tempera-
ture and precipitation for each WR.
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Fig. 2 Composite maps of 500 hPa anomalies for the five weather regimes: a WR 1; b WR 2; ¢ WR 3; d WR 4 and e WR 5. In Percentage

of days for each WR indicated in parenthesis

Table 1 summarises the characteristics of each re-
gime: average duration, number of events, number of
days belonging to each WR and the percentage (num-
ber) of events with given duration. Figure 3 shows in
graphical format persistence characteristics of each re-
gime.

Average duration of events range from three to five
days, nevertheless, it is interesting to note that WR 2
accounts for the largest duration and the largest number
of events that last more than five days (42.4%). In this

case, this weather pattern is representative of blocking
over the southeastern Atlantic Ocean. WR 5 is the
shortest-lived one and accounts for the largest number
of short events, with a duration of 1 to 4 days (80.3%).
This regime represents short-lived transient ridges over
the southwestern Pacific Ocean and is in agreement with
the secondary maximum frequency of short-lived posi-
tive anomalies shown by Trenberth and Mo (1985). This
is also reflected in the composites of meridional wind
anomaly variance (not shown) for WR 5, which resem-
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Table 1 Characteristics of the

WRs identified. The columns WR Mean Number of Number of Percentage of events with duration

list the mean duration (in days), duration (days) events (NV,) days (N,) T days (number of events)

the number of events (N,), the

number of days (N;) and the T=<4 5=T=<?9 T=10

percentage (number) of events

of a given duration in days 1 3.9 157 609 70 (110) 22.3 (35) 7.6 (12)
2 4.6 163 759 57.7 (94) 35 (57) 7.4 (12)
3 4.1 135 551 63 (85) 31.1 (42) 6 (8)
4 4.4 151 669 62.2 (94) 26.5 (40) 11.2 (17)
5 3.2 168 540 80.3 (135) 14.9 (25) 4.8 (8)

Persistence

1000

—A—WR1
---B-- WR2

Number of events

Duration in days

Fig. 3 Number of events versus duration in days for the five
weather regimes

bles the climatology of the main tracks of transient
disturbances (storm tracks).

In Fig. 3 the log-linear plot of number of events vs.
duration for each WR reflects the fact that WR 2 and
WR 4 tend to persist longer and for WR 5 the slope of
the curve is larger, particularly after day 4. In terms of
the interpretation in Dole and Gordon (1983), the slope
of the curves represent the probability of persistence
another day, after lasting n days, with shallower slopes
indicating a higher probability of continuation. The
slope for WR 5 becomes larger for longer duration,
while the opposite occurs for the other WRs.

3.3 Transitions

Transitions between regimes can be quantified as the
number of passages from one weather regime to another.
In this work we have studied the transitions between
events corresponding to two different regimes (M and N,
with M, N = 1to 5). They were calculated as the number
of times that a transition occurs from event M to event N
divided by the total number of the events M. We only
considered the cases in which both events have durations
longer than four days. However, it should be mentioned
that we have also quantified the transitions taking into
account all the events, no matter their duration, with
similar results. Table 2 displays, as a percentage, the
transitions obtained. We also computed the statistical

Table 2 Percentage of transitions between regimes for events
longer than 4 days. Significant transitions at 90% confidence level
are indicated by an asterisk

To WR 1 WR 2 WR 3 WR 4 WR 5
From

WR 1 — 7 60* 4 29
WR 2 36 - 12 39 13
WR 3 17 66* - 3 14
WR 4 35 26 0 - 39
WR 5 15 9 14 62* -

significance of the transitions by reshuffling the observed
events 1000 times, so having 1000 random time series, as
was proposed in Kimoto and Ghil (1993). Tables similar
to Table 2 were constructed for each random time series
and we considered the more likely transitions to be those
that are exceeded by less than 100 simulated ones. Thus,
the transition is considered more likely at a 90% confi-
dence level. In Table 2 significant transitions at a 90%
level are indicated with an asterisk.

The results in Table 2 suggest that the more likely
transitions follow the sequence indicated in Fig. 4. Pre-
ferred transitions from WR1 to WR 3 then to WR 2 then
to WR 4 and back to WR 1 and also from WR 1 to WR
3 then to WR 2 and back to WR 1 denote a progression
of the Rossby wave-like eastern propagation. This
agrees with the findings by Mo and Higgins (1998).

A rough estimate of the longer oscillation, by sum-
ming up the average durations listed in Table 1, is about
17 days. This agrees with the intraseasonal oscillation
with period of about 18 days found for the fifth and
sixth modes for both PSA in Mo and Higgins (1998)
(their Table I). However, we should emphasise that this
complete oscillation is not always realised in any given
winter, often only a few segments may appear consecu-
tively.

Another interesting point to discuss is how initiations
and terminations of WRs take place and how long be-
fore the initiation and after the termination of each WR
it is possible to identify preferred precursors and suc-
cessors, respectively. We first computed time lagged
correlation coefficients between time series built with the
first day or onset (alternatively last day or breakup) of
an event for each WR, and the corresponding time series
for each WR. A summary of the results are displayed in
Table 3 which shows the lags for which correlation
coefficients are significantly different from zero (95%).
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Fig. 4 Preferred transitions between WRs. The thickness of the
arrow indicates the recurrence of the transition

Table 3 Days before onset and after breaks for which time series of
onsets and breakups are significantly correlated with time series of
occurrence of WR

Onsets Breakups

Time WR before Time lag WR after

lag (days) onset (days) breakup
WR 1 -2 to -1 WR 2 +1to +6 WR 3

-2 to-1 WR 4 +1to +3 WR 5
WR 2 -5to -1 WR 3 +1to +2 WR 1

+1to +2 WR 4

WR 3 -6 to -1 WR 1 +1to +5 WR 2
WR 4 -2 to -1 WR 2 +1to +2 WR 1

-4 to -1 WR 5 +1to +4 WR 5
WR 5 —2to -1 WR 1 +1to +3 WR 4

-5 to -1 WR 4

The results in Table 3 are consistent with those shown in
Table 2, but additional information about the time lag
before and after the occurrence of each WR (i.e. pre-
ferred precursor and successor, respectively) can be now
identified. Those WR with only one preferred precursor
or successor are easier to identify.

Time lagged composites of 500 hPa anomalies for
days before onset (negative lags) and days after breakup
(positive lags) have been performed for each WR.
Figure 5 shows the composite for days before onset (lag
—2) and days after break (lag +2 and +4) of WRI1. It is
preceded by a small negative anomaly centre in the
southwest Pacific that resembles the pattern for WR 2 or
WR 4. After the breakup, the negative anomaly centre
with a positive centre upstream are shifted to the western
Atlantic, resembling WR 3 pattern. The overall sequence
of WR 1 composites suggests an eastward travelling
wave train. The composites of days before onset (lag —4
and -2) and days after breakup (lag +2) for WR 2 in
Fig. 6 suggest again an eastward progression of a wave
train, being the composites before onset comparable
with WR 3, and after breakup, a negative centre posi-
tioned over the southern tip of South America and a
positive centre downstream, which may be related to
either WR 1 or WR 4.

Figure 7, which displays the composites of days be-
fore onset (lags —4 and —2) and days after breakup (lag
+2) for WR 3, supports the preferred transition dis-
cussed. Days before onset are dominated by a west—east
dipole pattern that travels eastward, resembling WR 1.
Days after breakups are characterised by a positive
anomaly upstream the negative centre which has shifted

towards the Atlantic, in agreement with the pattern for
WR 2. Composites of days before onset and days after
breakup for WR 4 are less clear due to the fact that
different patterns may cancel each other. For instance,
Fig. 8 displays the composite of days before onset at lag
-2, showing a positive anomaly over southern South
America and a negative centre over the Antarctic coast
in the Pacific Ocean, reminiscent of the WR 5 pattern.
After the breakup, for lags +2 and +4, the WR 5
pattern is easy to identify.

With respect to days before onset for WR 5, Fig. 9a
shows a positive anomaly near 115°W. Examination of
other negative lags (not shown) suggests that this is a
migratory positive anomaly propagating eastward over
the mid-latitudes of the South Pacific (Trenberth and
Mo 1985). After the breakup, the centre of positive
anomaly is further strengthened and negative anomalies
are established downstream. At lag +4 the positive
anomaly continues propagating eastward, with a nega-
tive anomaly upstream. Resemblance with WR 4 is ev-
ident at positive lags.

The preferred transitions discussed are seen in both
the days before onset and the days after break of the
regimes analysed. Moreover, the spatial patterns shown
suggest the progression of a Rossby wave-like pattern
propagating towards the east as the main fingerprint of
large-scale patterns over the south Pacific — south At-
lantic oceans.

4 Weather regimes and local climate

One of the main interests of this study relies on the in-
fluence of the most recurrent large-scale patterns on
local climate. Furthermore, the analysis of persistence
and preferred transitions among WRs may induce to
sustained occurrence of anomalous local conditions. A
few descriptions concerning some individual regimes and
their effects on local climate over Argentina have been
previously published in the regional literature. For ex-
ample, Malaka and Nunez (1980) on the effect of blocks
on regional weather and Berbery and Alfaro Lozano
(1991) on persistent anomalies and their effect on pre-
cipitation and temperature in Argentina.

4.1 Temperature

The local climate conditions associated with each WR
are first described by calculating the composites of
temperature anomalies for a subset of dates for which a
given WR occurs. We computed the composites for 77
Argentine station data observed temperatures (more
details on datasets can be found in Sect. 2). Significance
of the composite anomalies has been tested by means of
a pointwise #-test with a number of degrees of freedom
taken as the number of events minus one. It is worth
mentioning, however, that this assumes complete
independence of each event. Nevertheless, lower
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Fig. 5 Composite maps of 500 hPa anomalies of WR 1 for onsets
at a day -2 and breakups at b day +2 and ¢ +4. Shaded areas
represent statistically significant anomalies at a 95% level by a
pointwise ¢-test with a number of degrees of freedom taken as the
number of events minus one

frequency oscillations may favour the occurrence of
certain regimes and this may reduce the number of de-
grees of freedom. Figure 10 displays the composites for
the five regimes. The relationship between 500 hPa
anomalies and temperature anomalies stems primarily
from the result of air advection, considering that the
WRs have a predominantly barotropic structure. The

WR 2
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258 . . . H s
35§ Jam s

4554 -
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Fig. 6 Same as Fig. 4 for WR 2 at a days -4 and b -2 for onsets,
respectively and at ¢ day +2 for breakups

largest negative anomalies are found for WR 1 (over
southern Argentina) and WR 3 and the largest positive
temperature anomalies for WR 1 (over northern Ar-
gentina) and WR 4. Negative anomalies over southern
Argentina for WR 1 can be expected due to the presence
of a strong cyclonic anomaly located over south-western
Atlantic Ocean, which favours cold air advection from
high latitudes. For WR 3 the positive anomaly over the
Bellinghausen Sea favours strong cold air advection over
almost all stations. The strongest preferred transition
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Fig. 7a—¢ Same as Fig. 6 for WR 3

from WR 1 to WR 3 gives rise to sustained cold con-
ditions over southern Argentina. The following pre-
ferred transition from WR 3 to WR 2 tends to induce
sustained cold anomalies over the northern part of the
country. Positive temperature anomalies over Argentina
for WR 4 can be expected due to advection from the
northeast, associated with the presence of the positive
anomaly over the Atlantic Ocean. WR 5 induces sig-
nificant anomalously cold conditions all over the
country. It is worth noting that many transitions from

WR 4 5

258

lag

855 0w 110w

100W 90W BOW 70W 6OW  SOW
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70W

lag +4

BUS'" : EREE R LR .......
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Fig. 8a—c¢ Same as Fig. 5 for WR 4

one regime to another tend to cancel their impact over
local temperature anomalies (e.g. from WR 5 to WR 4).

4.2 Precipitation

The influence of WRs on precipitation frequency is
analysed in this section. The regional dataset consists of
observed daily precipitation totals for seven regions
within central and northern Argentina. The geographical
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locations of the stations and regions are given in Fig. 11.
The annual cycle of precipitation and the mean rainfall
amount for winter at each station were considered in
order to define the regions. Actually, the minimum in the
annual march of precipitation is reached in winter for all
the regions with relatively dry conditions over central
and western Argentina (Grimm et al. 2000). Each re-
gional time series consists of a daily average over five to
13 stations. Not all the stations report information over
the entire period considered. Table 4 displays for each

region the total number of data over the entire period
and the wintertime mean climatology. This daily dataset
helps to quantify the interregional variability across
Argentina north of 40°S between 1966 and 1999.

Two kinds of comparisons were performed: the first
associates with the local percentage of ‘rainy’ days (daily
average of rainfall amounts greater than 0.5 mm/d) and
the second to ‘intense precipitation’ days (defined here as
rainfall amounts greater than 5% of the winter clima-
tology). The changes (in %) in rainy day frequency for
each WR and for the different regions as compared to
local climatic average are presented in Table 5. Simi-
larly, Table 6 shows the changes in intense precipitation
day frequency. The significance of results is again esti-
mated using a simple reshuffling Monte Carlo procedure
with 1000 random shuffles.

About a half of the entries in Table 5 suggests rainy
days that are significantly more or less frequent than for
the whole dataset at the 95% or 99% level. The regimes
also tend to show frequency anomalies of different signs
by region. For example, WR 1 is significantly wetter for
regions A and C and significantly drier for region E. The
most significant departure from climatology is found for
WR 3, with wetter conditions over all the regions. This
may be associated with the presence of persistent anti-
cyclones southwest of the southern tip of South Amer-
ica, which may divert depressions to the north. In
contrast, WR 4 tends to induce significantly drier con-
ditions especially over the eastern part of the country,
consistent with positive anomalies of geopotential height
downstream this region. Similarly, WR 2 also shows a
reduced frequency of rainy days over most of the
country, especially over the three western regions (D, E
and F). These same three regions experience the
“reverse’” conditions for WR 5, with significantly wetter
days.

Changes in the frequency of intense precipitation
events are qualitatively similar to those described for
rainy days, but tend to be less statistically significant (17/
35 and 12/35 entries are significant in Tables 5 and 6
respectively). Major increases in the occurrence of in-
tense rain (at the 99% level of significance) are found in
region A for WR 1, region D for WR 3 and near the
Andes Mountains (regions E and F) for WR 5. The only
decrease at the 99% level of significance is found in re-
gion D for WR1. Note that for region G all the regimes
lead to changes in the frequency that are not statistically
significant, for both kinds of comparison (rainy days
and intense precipitation days). Finally, it is important
to remark that the chances of persistent rainy conditions
for region C growth considering the likely transition
from WR 1 to WR 3, whereas sustained dry conditions
are expected for region A once WR 5 and its likely
transition to WR 4 are established.

The temperature and precipitation anomaly patterns
for each WR from NCEP reanalyses (not shown) are in
general consistent with the features obtained from sta-
tion data. The results suggest that at least a significant
proportion of the anomalies for a given period are very
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likely to originate in anomalous WR frequencies. In this
sense, the WR approach is advantageous in order to
coherently describe the local climate deviation from
average.

5 Interannual and interdecadal variations

The influence of sea surface temperature (SST)
anomalies in the equatorial Pacific in the SH circula-
tion has been largely explored. Numerous authors
described ENSO teleconnections over parts of the SH
(e.g. Mo and White 1985; Karoly 1989; Rutllant and
Fuenzalida 1991; Ambrizzi 1994; Mo and Higgins
1998; Garreaud and Battisti 1999). Its effect in in-
ducing circulation anomalies over subtropical latitudes
may be viewed as the Rosbby wave response to ther-
mal forcing. In this context, the well-known PSA
pattern is the most important anomalous circulation
induced by thermal forcing in the equatorial Pacific
that affects southern South America. For example, an
important signature related to ENSO events is the
predisposition toward blocking southwest of the
southern tip of South America during warm events,
and vice versa during cold events (Rutllant and Fu-
enzalida 1991).

In order to quantify the change in regime frequency
for warm and cold phases of the ENSO cycle, monthly
mean sea surface temperature (SST) anomalies in El
Nifio 3 region from NCEP reanalysis were used. Fol-
lowing Solman and Menéndez (2002), a subset of 19 and
20 months corresponding to warm and cold phases, re-
spectively, were built and the weather regime frequencies
were calculated for each subset. Figure 12 illustrates the
frequency (as a percentage) of each WR as the number
of days belonging to each regime relative to the total
number of days corresponding to warm and cold phases
of the ENSO cycle. The asterisks denote the 95% sig-
nificance level, based on 1000 random reshuffles. Double
asterisks denote significance at a 99% confidence level.
The frequency of the WRs for the full period has been
included in the figure in order to highlight the changes
for the extreme ENSO phases. The most significant
changes in frequency arise for WR 1 and WR 2. WR 1
becomes more frequent during El Nifio and less frequent
during La Nifia and WR 2 is more prevalent for La Nifia
and less prevalent for El Nifio. Moreover, significant
frequency changes are also found for WR3 (for warm
events) and WRS (for cold events). The other regimes do
not show significant change in frequency of occurrence
under La Nifia or El Nino conditions. The significant
increase of frequency of WR 1 and WR 3 for El Nifio is
consistent with the composite anomaly of 500 hPa geo-
potential field for El Nino years (Karoly 1989; Grimm
et al. 2000; Garreaud and Battisti 1999) showing an
anticyclonic anomaly over the southeast Pacific, induc-
ing the typical blocking episodes to the west of South
America and a negative anomaly over the southwestern
Atlantic. The reverse situation is a common feature for

La Nina events, consistent with the increased frequency
of WR 2.

Several studies of the Southern Hemisphere circula-
tion report evidences of considerable variability on
decadal and longer time scales (Hurrel and van Loon
1994; Burnett and McNicoll 2000). A considerable
change in the SH circulation during the 1980s has been
shown to be related to a weakening in the semi-annual
oscillation. This weakening is thought to reflect changes
in the amplitude of the zonal wave number 3, a deep-
ening of the subAntarctic trough, intensification of
subtropical ridging and, in consequence, a strengthening
of the westerlies and enhancement of cyclone activity
(Chen and Yen 1997). Though the record used in this
study is not long enough to show strong evidences of
changes in the circulation pattern, some significant dif-
ferences arise that seem to be related to a manifestation
of this known interdecadal variability. Figure 13 shows
the number of occurrences of each WR per winter, to-
gether with its 10-year running means. Note in particular
a substantial decrease in the frequency of WR 2 during
the 1970s and early 1980s, together with an increase in
the frequency of occurrence of WR 4 and WR 5 during
that period. Significant linear trends (at a 99% confi-
dence level) have been obtained for the period up to
1984. These trends agree with the strengthening of mid-
latitude ridging and deepening of the circumpolar
trough in the southern Pacific in winter as shown by
Chen and Yen (1997). Results are also consistent with
the observed trends in the SH tropospheric circulation
toward stronger westerly flow around Antarctica men-
tioned by Thompson and Solomon (2002).

6 Summary and conclusions

In this study we classified 34 years of NCEP reanalysis
daily 500 hPa geopotential heights over the western
South Pacific—eastern South Atlantic oceans, in order to
identify the most recurrent large-scale patterns, referred
to as weather regimes, by means of a dynamical clus-
tering algorithm. We found that the optimal classifica-
tion was into five regimes (WRs). The spatial structures
of the first four WRs resemble the phases of the intra-
seasonal variability patterns known as PSA (Mo and
Higgins 1998; Ghil and Mo 1991). The fifth WR is as-
sociated with transient anticyclones over the southern
Pacific, which are usually relatively short-lived features
(Trenberth and Mo 1985). Although some asymmetries
exist, by comparing WR 3 with WR 4, and to a lesser
extent WR 2 with WR 1 and WR 5, to a first approxi-
mation recurrent positive and negative anomaly patterns
for a given region can be described as opposite phases of
the same basic patterns of low-frequency variability.
Amplifications of the amplitude and persistence of these
patterns can be related to either a regionally intensified
zonal flow or blocking. Upstream of South America,
WR 1 and WR 3 are associated with strong meridional
flow linked with cold air outbreaks (and eventually with
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Fig. 10 Composite of
temperature anomaly for the
five WRs in Fig. 2. Shaded
areas represent statistically
significant anomalies at a 95%
level by a pointwise -test with a
number of degrees of freedom
taken as the number of events
minus one. Station data from
Argentina are indicated by
asterisks
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Fig. 11 Geographical location of stations and regions for the
analysis of daily precipitation

blocking events), whereas WR 2, WR 4 and WR 5 are
associated with an enhanced jet at subtropical, mid- and
high latitudes, respectively.

We also described the preferred transitions between
the patterns identified. We found that these transitions

may be interpreted as an eastward-propagating Rossby
wave train. Thus, the chain of transitions between re-
gimes is suggestive of the low frequency variability on
intraseasonal time scales in the SH, mainly the PSA
pattern. Though chains of preferred transitions have
been suggested (from WR 1 to WR 3, then to WR 2,
then to WR 4 and back to WR 1), they are not always
completed within one winter. Infact, some segments of
the circuit appear episodically. The notion of WRs and
their preferred transitions suggests that the extratropical
southern atmospheric circulation exhibits a chaotic but
not totally random behaviour. The nonlinear feedback
between ‘weather’ (i.e. the baroclinic transient waves)
and the planetary low-frequency motions is the key
phenomenon (Metz 1987) and helps to understand the
occurrence of WRs and their preferred transitions. Even
if we suggest this connection between low-frequency
oscillation and recurrent circulation patterns, a com-
prehensive analysis of this relationship was beyond the
our scope and will be the subject of future investigation.

The practical relevance in the classification of the
large-scale circulation patterns into a few recurrent ones
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Table 4 Total number of daily precipitation data for regions de-
fined in Fig. 11 and June—July—August climatology

Region Number of data JJA climatology
A 27859 357.5

B 41857 141.8

C 16545 122.3

D 22111 48.9

E 20018 19.1

F 14365 64.3

G 28461 108.4

Table S Change in the frequency of wet days (precip. >0.5 mm/
day). Significance at a 95% confidence level is indicated by an
asterisk and significance at 99% confidence level is indicated by two
asterisks

Region WR 1 WR 2 WR 3 WR 4 WR 5
A 13.2%* -3.1 4.5 —10.3%* 24
B 0.3 7.0 13.2%* —13.5%* -7.0
C 18.3%* 4.6 18.7%%* —26.1%* -0.9
D -11.5 —19.2* 31.7%* -8.3 17.8*
E —32.9%* —35.0%* 38.1%* 3.1 51.3%*
F 6.1 —26.8%* 8.6* 4.1 16.9%*
G 1.7 4.6 9.3 0.9 -3.9

Table 6 Change in the frequency of intense rainy days (precipita-
tion > 5% climatology JJA). Significance at 95% confidence level is
indicated by an asterisk and significance at 99% confidence level is
indicated by two asterisks

Region WR 1 WR 2 WR 3 WR 4 WR 5
A 54. 1% -11.4 13.5 -25.2% -27.6%
B -21.3 4.0 22.7* -11.5 9.6
C 24.7* -8.0 18.5 -20.6 -10.0
D —43.6%* -253 40.4%* 23.3 14.6
E -27.6* —39.2% 34.6* -10.1 63.4%*
F -29.3 -28.2 19.8 -18.5 75.4%*
G 5.5 -13.5 3.9 16.9 -12.1
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Fig. 12 Regime frequency as a percentage (number of days of each
WR/total number of days) for warm and cold phases of ENSO
cycle. The total frequency of each WR is included for reference.
Significance at 95% confidence level is marked with an asterisk.
Double asterisks indicate significance at 99% level
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lies in its impact on local weather (traditionally char-
acterised by temperature and precipitation). The regimes
organise synoptic activity and are accompanied by shifts
in the location of the major storm tracks in the region.
Moreover, transitions between regimes can have an
enhanced influence particularly if transitions induce
sustained anomalous conditions on local weather. We
focused on the influence of WRs on surface weather
elements over Argentina. Daily precipitation data un-
fortunately were only available north of about 40°S,
while daily temperature data were available for the
whole country.

The impact of WRs on local climate was analysed.
Over the Patagonian region, WR 1, WR 3 and WR 5
induce cold weather, while WR 2 and WR 4 are asso-
ciated with warm conditions. Over central and northern
Argentina both temperature and precipitation were
analysed. WR 1, characterised by an anomalous trough
centred downstream the Drake Passage, tends to yield
warm and wet conditions over the eastern part of the
country and warm and dry conditions to the west. This
regime may favour coastal activity associated with an
enhanced storm track over the Atlantic, inducing an
increase of the frequency of rainy days over southern
Buenos Aires province (region C). WR 2, characterised
by an anomalous trough over the SW Pacific and an
anomalous ridge over the SE Atlantic, induces drier than
normal weather over most of the region with cold con-
ditions to the NE and warm conditions to the SW. WR 3
and WR 4 are connected with the most homogeneous
anomalies in local weather (i.e. anomalies of the same
sign all over the region). WR 3 is mostly cold and wet,
while WR 4 tends to yield warm and dry weather (es-
pecially over eastern Argentina). The difference in tem-
perature can be explained in terms of an anomalous
ridge (trough) for WR 3 (WR 4) over the SE Pacific and
a NW-SE anomalous trough (ridge) downstream, with
strong advection of cold (warm) air from SE (NE). The
contrast in the frequency of wet days can be associated
with shifts in the storm track, for WR 3 it is deflected
northward into subtropical South America, while for
WR 4 the synoptic activity is enhanced over northern
Patagonia. WR 5, characterised by a small amplitude
anticyclonic anomaly to the west of the southern tip of
South America and an anomalous ridge downstream,
induces cold and relatively dry weather over eastern
Argentina and cold and wet conditions to the west (note
that this regime induces opposite weather compared to
WR 1).

The influence of WRs on surface weather elements is
even more considerable if the anomalous conditions are
maintained through two consecutive regimes. Only some
of the preferred transitions found induce statistically
significant persistent anomalies in temperature or pre-
cipitation. Sustained cold anomalies were found associ-
ated with transitions from WR 1 to WR 3 and from WR
3 to WR 2 over southern and northern Argentina, re-
spectively. Sustained rainy weather is likely to occur
over southern Buenos Aires province once the former
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Fig. 13 Number of occurrences WR1 WR2
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transition is set up. On the other hand, persistent dry
conditions tend to settle over northeastern Argentina
when WR 5 is followed by WR 4.

Southern Hemisphere (SH) atmospheric circulation
exhibits significant patterns of interannual to inter-
decadal time scales (Garreaud and Battisti 1999), which
can modulate the WRs mainly through changes in the
basic state. With this in mind we explored to what extent
regime frequencies are influenced by interannual and
interdecadal variability. We found that ENSO is char-
acterised by anomalously high frequency of WR 1 and
WR 3 during El Nifio, and WR 2 during La Nina. To a
smaller extent WR 5 is more frequent during La Nifa.
These results, in agreement with previous findings about
tropical-extratropical interactions associated with
ENSO (Mo and White 1985) suggest that the telecon-
nections associated with ENSO during winter can be
interpreted as anomalous frequencies in the WRs over
South America.

On interdecadal time scales, a significant decrease in
WR 2 frequency and increase of WR 4 and WR5 up to
the early 1980s was found. These changes in the trend
may be related to the observed interdecadal variability
of the SH polar vortex and the Antarctic Circumpolar

66 69 72 75 78 81 84 87 90 93 96 99

Wave (Hurrel and van Loon 1994; Burnett and McNi-
coll 2000; Chen and Yen 1997). These trends are asso-
ciated with modifications in the mean meridional
transport of heat and momentum by atmospheric eddies.
This would presumably affect the zonally symmetric
mode of variability between the mid- and high latitudes,
the semi-annual oscillation and sea ice around Antarc-
tica, but these relationships and the mechanisms require
further investigation. In particular, it is interesting to
note that the variations in the frequencies of regimes 2, 4
and 5 during the 1970s and 1980s are consistent with the
larger meridional geopotential height gradient and with
an increase in the strength of the westerlies observed
through that period (Burnett and McNicoll 2000).
Results here imply that part of the surface weather
anomalies for a given period are very likely to originate
in unusual regime frequencies. In this sense, the WR
approach is advantageous in order to coherently de-
scribe the local climate deviation from average. It also
can be useful as a downscaling tool, promising for cli-
mate variability or climate change studies. An important
question arising is to what extent this analysis would be
useful as a forecast tool. Our remarks reinforce the idea
of using this knowledge as a complement that can help
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to improve forecast beyond the synoptic time scale. In
this sense, the forecast of sustained anomalous condi-
tions is facilitated when a preferred transition occurs. As
mentioned before, the regimes in the South American
region are associated with particular phases of the main
oscillations of the southern extratropics. As a conse-
quence, in order to occur these regimes need a favour-
able large-scale environment. It should be remarked that
since oscillations are the easiest sorts of phenomena to
predict, the probability of occurrence of at least some
regimes could be envisaged well in advance.
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