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Abstract Summer rainfall variability (October to March)
shows inter-annual to multi-decadal fluctuations over a
vast area of subtropical Argentina between 28°S—38°S
and 65°W-70°W. Statistically significant oscillations of
quasi-period in the bands of 18-21, 6, 4 and 2 years can
be found throughout the region and intra-regionally,
though the latter are variable. The lower frequency
variation produces alternating episodes of above and
below normal rainfall each lasting roughly 9 years. This
quasi-fluctuation appears to be shared with the summer
rainfall region of South Africa and were in-phase related
one another until mid-1970s. The teleconnection between
both subtropical regions could be generated by an at-
mospheric-oceanic bridge through the global sea surface
temperatures (SSTs), particularly those of the equatori-
al-tropical South Atlantic. From mid-1970s, the alter-
nating wet and dry pattern has been interrupted in the
Argentine region producing the longest, as yet unfin-
ished, wet spell of the century. Thus, a significant change
of the long-term variation was observed around 1977
toward lower frequencies. Since then the statistical
model that explains more than 89% of the variance of
the series until 1977, diverges from the observed values in
the 1980s and 1990s. In addition the Yamamoto statis-
tical index, employed to detect a climatic jump, reaches
its major value in 1973 at the beginning of the current
long wet spell. Therefore the change could be located
between 1973 and 1977. Application of the #-student’s
test gives significant differences of mean values for pre-
1977 and post-1977 sub-samples from both individual
time series and the regional index series. The spectral
analysis also shows changes in energy bands in concor-
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dance with the features of the change that occurred from
mid-1970s. The change gives rise to a significant incre-
ment of more than 20% in average of normal rainfall
over the region. Conversely, a drought between mid-
1980s and the 1990s has been observed in the South
African counterpart with severe characteristics, thereby
continuing the quasi-18-year oscillation. Consequently,
the low-frequency coherent behaviour between both the
Argentine and South African regions is lost from the
mid-1970s. The analysis of association of wet/dry spells
and warm/cold, El Nino/La Nifia episodes appears to be
not significant at scales of year-to-year variability al-
though at decadal to multi-decadal scales the association
could be relevant. More than one process of multi-
decadal variability of global SSTs could influence the
Argentine summer rainfall region and the former bi-
decadal teleconnection. Finally, potential hypothetical
factors of change are discussed, such as the strengthening
of direct and indirect mechanisms of moisture flux
transport associated with global warming, low-level
atmospheric circulation changes and/or to SSTs mean
condition long-term variations over tropical and sub-
tropical South Atlantic and South Pacific oceans.

1 Introduction

Long-term precipitation variations can affect vast areas
and their inhabitants, negatively or positively, given the
effect they produce on human activities based particu-
larly on an intensive, weather-sensitive agriculture. The
ability to determine the existence and nature of dry and
wet spells favourably promotes the improvement of re-
gional/global climatic forecasts, aiding economic re-
gional development and the prosperity of its inhabitants.
Within the southern pat of South America there exists a
vast area of central-western Argentina whose semi-arid
climatic features are very sensitive to low-frequency
fluctuations. Here, social and farming developments
during the twentieth century make the region very vul-
nerable to climatic variations.
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This central-western region (CWR) of Argentina
extends roughly between (28°S—38°S) and (65°W-70°W)
including the states of La Rioja, San Juan, Mendoza,
San Luis and La Pampa. It therefore encompasses the
Andean foothills, the Sierra de Cordoba and the
Pampas (Fig. 1). The climate progresses from arid in
the northwest to semi-arid in the southeast, with pre-
dominantly summer rainfalls throughout (Hoffmann
1992). The inner portion of the region, Cuyo, produces
grapes and vegetables under river-fed channel-irrigation
systems supplied by snow and glacier melt from the
high Andes. Therefore inter-annual variability of local
summer rainfall does not directly affect farm produc-
tivity. However, wet summer episodes affect the farm-
ing and particularly the quality of grapes, which require
plenty of solar radiation to achieve sufficient quality for
wine production. Moreover, wet summers are associ-
ated with a higher probability of hail damage. By
contrast, the eastern and southeastern areas of CWR
receive greater summer precipitation and require less
irrigation. Here, both agriculture and cattle raising
could be dramatically affected during dry summers.

The low-level atmospheric circulation is involved to a
certain extent in weather patterns and in the regime of
precipitation over CWR. Its mean conditions are dom-
inated by the quasi-stationary South Pacific anticyclone
to the west over the Andes, a thermal-orographic-
dynamic northwestern low (NWL, Lichtenstein 1980)
in Argentina east of the Andes, the subtropical South
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Fig. 1 Map of the central-west region (CWR) of Argentina (28°S—
38°S and the 65°W-700°W) and the nine stations used in the current
analysis

Compagnucci et al.: Climatic change and quasi-oscillations in central-west Argentina

Atlantic anticyclone (SAA) to the east over the Atlantic,
and westerlies in the most southerly latitudes of the
region. The sub-tropical Andes, with a mean peak ele-
vation of 4000 m, provide a perennial barrier to the
import of humidity from the Pacific (Schwerdtfeger
1976). The interaction of NWL and SAA generates a
zonal pressure gradient that when it strengthens in
summer produces a northeasterly flow over eastern
coastal and central regions of Argentina and a net
transport of humidity from the Atlantic and southern
Brazil (Barros et al. 1996). This favours the develop-
ment of summer convection in CWR. However, in
winter the weakening of these systems, the lower inso-
lation and the northward displacement of the westerlies
produce a noticeable diminution in winter precipitation.
A detailed description of the annual precipitation cycle
can be found in Hoffmann et al. (1994). Wang and
Peagle (1996) used data derived over recent decades,
that showed the source regions for water vapour over
the subtropical Argentina (a vast continental area to the
north of 40°S) are the humid lowlands and jungles of
Brazil and Bolivia, as well as the South Atlantic Ocean.
The Andes and the Bolivian plateau, in one case, and
the highlands of eastern Brazil, on the other, favour the
channelling of easterly low level flow through Bolivia
towards the south and southeast, bringing humid, warm
air to higher latitudes of subtropical Argentina. More
recently, Saulo et al. (2000) have analysed the dynamic
mechanism of import of humidity to the area by means
of the low-level meridional jet using the ETA regional
model integrated for the spring/summer of 1997/1998.
Results showed that humidity is advected polewards
through South America to the east of the Andes by
the trade winds deflected by the Andes. The low-level
meridional jet mechanism contributes in such a way
that moisture flux approaches subtropical Argentina
at 30°S.

It is assumed that during wet summers this mecha-
nism is stronger and during dry summers, it is weaker.
Furthermore, anomalously warm sea surface tempera-
tures (SSTs) over tropical and subtropical South At-
lantic strengthen the low-level meridional temperature
gradient and intensify the SAA and consequently the
trade winds (Robertson et al. 2000). The inter-annual
variability of this process influences the low-level
atmospheric circulation and the humidity transport
towards CWR. Therefore, low-frequency variations of
the SSTs in the Atlantic would affect summer rainfall in
the CWR.

Observations from the beginning of the century until
1977, formerly analysed by Compagnucci and Vargas
(1983) showed that summer (October to March) pre-
cipitation totals displayed successive extended and al-
ternating periods of above and below normal rainfall,
which influence almost the entire region. These results
indicated statistically significant quasi-oscillations with a
period of 18 years and higher frequencies and suggested
that wet and dry spells could be in-phase with those
observed in the summer rainfall region (SRR) of South
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Fig. 2 Map of the summer rainfall region (SRR) of South Africa
according to Tyson and Dyer (1975), it includes the Orange Free
State, Transvaal and Natal

Africa (Fig. 2) during the same period. The SRR pre-
cipitation has been widely studied by Tyson and Dyer
(1978), Tyson (1981) and Tyson et al. (1986, 1991, 1997)
among others. Results suggest that there is a regional
low-frequency variability of summer precipitation over
CWR at least until 1977 which is useful for climatic
regional forecasts. In addition this variability, appar-
ently associated with that of the South African SRR,
could be correlated with global precipitation variability
and be a manifestation of climatic fluctuations related to
large-scale phenomenona.

Kane and Trivedi (1986), employing results obtained
by Compagnucci and Vargas (1983) and assuming the
prevalence of the 18-year oscillations, forecasted below
average summer precipitation totals to be observed be-
tween 1983 and 1990 in CWR. Seemingly, an extended
drought was predicted in the SRR of South Africa.
However, during recent years there has been much an-
ecdotal evidence from newspapers, television and local
inhabitants, of apparent increases in summer precipita-
tion, frequency of hailstorms and flooding, both fluvial
and meteorological over the CWR (Agosta et al. 1999).
This failed forecast suggests an apparent change in
summer precipitation owing to changes in the frequency
of fluctuations for the CWR, whereas the SRR forecast
succeeds for that period (Mason 1995).

Therefore, one of the our aims is to examine the low-
frequency variability (interannual to multidecadal) of
the summer precipitation over CWR, within subtropical
Argentina, an area that has experienced relevant changes
in mean atmospheric circulation over the last three de-
cades (Barros and Scasso 1994; Camilloni 1995; Barros
et al. 2000) consistently with the rest of the Southern
Hemisphere (Hurrel and van Loon 1994; van Loon et al.
1993; Gibson 1992). Additionally, this research aims to
provide a detailed analysis of the behaviour of summer
precipitation over CWR throughout the twentieth cen-
tury. In particular, an attempt is made to determine, (1)
patterns of regional quasi-cycles for the whole CWR, (2)
intra-regional variations through the analysis of each
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single summer series, and (3) whether the purported
increases in summer precipitation are significant by
discussing the possible causes. In addition, potential
global links to the behaviour of summer precipitation in
the SRR of South Africa are studied. Since Kruger’s
(1999) results among others suggested that there is no
relationship between summer precipitation in the SRR
and El Nino-Southern Oscillation (ENSO), this work
also examines whether this result can also be assumed
for CWR.

Section 2 introduces the data and methodologies used
in the analyses of the precipitation series from CWR. In
order to facilitate comparisons with SRR’s reults, the
methodologies from Tyson and Dyer (1978) and from
Tyson (1981) and Tyson et al. (1986, 1991, 1997) are
updated and employed. A description of the regional
climatology of summer precipitation and temporal-cli-
matic features is provided in Sect. 3 as well as some
discussion of quasi-cycles detected regionally. The exis-
tence of an apparent summer precipitation climatic
change and its low-frequency variability over CWR is
discussed in Sect. 4 through a mathematical model fitted
to the smoothed summer precipitation. In Sect. 5, pos-
sible teleconections between the low-frequency varia-
tions in summer precipitation over the Argentine and
South African regions are tackled and the potential
teleconnection with ENSO phenomenon is examined.
Concluding remarks appear in Sect. 6.

2 Data and methodology

The region has few meteorological stations with reasonable periods
of quality observations. Most record lengths vary from 10 to 30
years, many of which do not overlap between stations, therefore the
records at only nine stations are deemed appropriate for analysis
(Table 1, Fig. 1). Monthly precipitation totals are provided by the
Servicio Meteorologico Nacional (National Weather Service). As
temporal continuity of records is required for the analyses, a set of
10 secondary stations was used to interpolate, via linear regression
(Panofsky and Brier 1958), any missing data in the primary data
set. The primary stations selected met the following criteria: (1)
records sufficiently complete that interpolation could be carried out
without compromising their representativeness, (2) records extend
until the end of the 1990s (until 1998, with two exceptions) and (3)
records comprise at least 40 years of data.

The summer rainfall index series (1911-1996) for South Africa
used in Mason (1995 1996) was kindly provided by Dr. Simon
Mason via personal communication. In addition, data from Wright
(1989), Rasmusson and Carpenter (1983), Kiladis and Van Loon
(1988), Trenberth (1989), Quinn and Neal (1983) and the Climatic
Diagnostic Bulletin (Climatic Analysis Center 1999) have been
employed to provide a classification of years into El Nifio, La Nifia
and Normal (neither El Nifio nor La Nifia) from 1909 to 1998
(Table 2).

2.1 Single series and the CWR summer precipitation index
A single regional index time series, /() may be estimated as follows
Y;(2) = (X;(2) - 100) /%,

1<j<n

10 =¥ 0)/n <Js<
=
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Table 1 Stations used in the

analysis of the CWR of Argen- Station-name Height (m) Latitude (S) Longitude (W) Record-length
tina (see Fig. 1) ] N
Nine-set
(1) La Rioja 516 29°25 66°52" 1904-1998
(2) San Juan 634 31°32 68°34’ 1900-1998
(3) Mendoza 769 32053’ 68°49’ 1900-1998
(4) San Luis 734 33°18’ 66°19’ 1905-1998
(5) Villa Mercedes 514 33°41” 65°29 1900-1998
(6) San Carlos 940 33°46 69°02’ 1938-1979
(7) Rama Caida 713 34°40° 68°24’ 1927-1998
(8) Colonia Alvear 465 35°00 67°39 1935-1979
(9) Victorica 312 36°14 65°26 1905-1998
Ten-set® Interpolates to
San Juan FC® 630 31°32 68°32’ 2)
Crycit 3)
San Rafael FC® - 34°35 68°20’ (7
Rama Caida FC® - 34°34 68°23" (7
San Rafael Met.® 746 34°35 68°34’ (7
Soitué® - 35°00° 67°52 ®)
Carmensa® - 35°08’ 67°37 )
Bowen® - 34°59 67°41 8)
C. Alvear FC® 465 34°59 67°41" )
Santa Rosa 189 36°44 64°16 9)

# Stations used for the proper analysis
®Stations used for interpolation of missing data
¢Stations with either short record or broken operation

where,

Y;(¢): summer rainfall single series of station j, expressed as
percentage of its long run average

X;(¢): station j’s summer precipitation in year ¢

7;: long run average summer precipitation at station j

I(¢): summer precipitation index (spatially averaged summer
precipitation) in year ¢

J: index of stations

n: number of stations

In this way the summer precipitation index, /(¢), is computed for
the period 1901-98. The records of two stations, San Carlos and
Colonia Alvear, do not extend until 1998, therefore n is reduced in
the last decade, however their records have been included in order to
make the index series more representative of the entire area (Fig. 1).

In addition to the regional index series, the main statistics of
summer precipitation at each station have been computed so as to
determine their outstanding features.

2.2 Summer-rainfall oscillation-analysis: spectral analysis
and smoothing

All single station series and the regional index series of both CWR
and SRR are analysed by means of Tukey’s spectral analysis with
Parzen’s window (Jenkins and Watts 1968), in order to determine
their principal periodicities. The hypothesis of the ‘null continuum’
(a hypothetical theoretical spectrum of either ‘red’ or ‘white’ noise)
corresponds to a first order Markov process, or lag 1 autocorre-
lation model (Mitchell et al. 1966, details in Appendix). All series
have been smoothed using a low-pass nine term binomial filter (see
Appendix).

2.3 Modelling the smoothed CWR index series

In order to evaluate a possible change in the behaviour of the CWR
index series evidenced around 1977, a mathematical model is fitted
to the sub-period 1901-1977 for the smoothed series. A proper
fitting model is the trigonometric polynomial R; (Tyson and Dyer
1978) which is adequate for time series with significant periodicities
and whose coefficients 4; and B; are estimated by least squares. Its
mathematical equation is

Table 2 Classification of ENSO-year-occurrence into years El
Nifio, La Nifia and Normal (not displayed) for 1909-1998

El Nifio years

1911/12 1930/31 1953/54 1972/73
1914/15 1932/33 1957/58 1976/77
1918/19 1939/40 1963/64 1982/83
1923/24 1941/42 1965/66 1986/87
1925/26 1951/52 1969/70 1991/92

1997/98

La Nina years

1909/10 1928/29 1949/50 1970/71
1916/17 1931/32 1954/55 1973/74
1920/21 1938/39 1955/56 1975/76
1924/25 1942/43 1964/65 1988/89

1995/96

< 2rj 2nj
By =R+ 3 (005 4 5y -sin %Y
=1 ; J

1<j<N, 1<I<m
where,

R;: summer precipitation index in year j

Ry: regression constant (i.e. mean of the spatially averaged
series)

Ay, By least squares regression coefficients

m: number of spectral peaks in the index series

Ar: period of each single spectral peak

N: data points in the index series

Application of the smoothed CWR index series for the period
1905-1977 suggests that the number of significant spectral peaks,
m, is seven. Inclusion of more waves had no significant effect upon
the explained variance. Table 3 displays the values of the fitted
constants. This model explains 89% of the total variance of the
summer precipitation index series in the period 1905-1977. The
model is used to extrapolate summer precipitation data in the sub-
period 1978-1998 under the hypothesis of no change in the series.
Differences between the observed data and the model are dis-
cussed in Sect. 4. The statistical significance between the predicted
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values and the observed in the period 1978-1998 are proved by
Student’s ¢- (Panofsky 1958) and Fisher’s F- (Hoel 1964) tests and
they are also employed to determine differences in the means and
variances between the two portions of the summer precipitation
single series.

Contingency tables (Hoel 1964) permit the identification of any
statistical association between ENSO phases and positive-negative
rainfall anomalies in the CWR. The application of Yamamoto’s
index (see Appendix) provides of an objective statistical method to
determine possible climatic “jump” in year-to-year time series.

3 Summer precipitation climatology
of the central-west region

3.1 Intra-regional variability within central-western
region

In spite of the low density of stations available for the
report, the intra-regional variations in the main statistics
which define the features of the population density dis-
tribution function can be discerned (Table 4). Therefore,
Fig. 3 illustrates the anomalies of the smoothed indi-
vidual series from their respective means, expressed in
terms of standard deviations (SD). Furthermore, spec-
tral density functions for each single time series are
analysed and shown in Fig. 4.

La Rioja, in northern lands of the CWR, has a mean
summer precipitation slightly in excess of 300 mm and
extremes of 81.5 mm and 588.2 mm. Alternating wet
and dry periods of roughly ten year length each over-
lapped a 50-60 year length wave with a maximum in the
1920s and between the 1980s and the 1990s is observed
in Fig. 3 top panel for the smoothed series with a de-

Table 3 Regression coefficient values for the fitting constants A,
and B; of the 7-wave model of the 9-term-smoothed summer-
rainfall index for the CWR of Argentina. Series length, 73; total
explained variance, 89.2%
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creasing tendency from the 1990s. The spectral analysis
(Fig. 4a) shows the predominance of quasi-oscillations
in the band of 40-50 years, near 6 years (both at 90%
confidence), and near 4 years (80% confidence). The
biennial quasi-oscillation is also present at the 95%
confidence level.

On the western boundary of the region, San Juan and
Mendoza have the driest summer conditions averaging
summer totals lower than 200 mm with little inter-
annual variability. In the former, mean summer preci-
pitation is lower than 100 mm and has not exceeded
200 mm. Individual years may receive no summer pre-
cipitation whatsoever (e.g. 1915). Figure 3, second
panel, shows the smoothed series of San Juan where low-
frequency oscillations of wet and dry terms predomi-
nate. It is observed that the amplification of the series
decreases from the 1970s, a fact that will be examined
later on. In Mendoza, in Fig. 3, third panel, the negative
smoothed terms are largely predominant until the 1970s.
In this dry core the quasi-18-year oscillation is dominant
although lower peaks are found about 6 and 4 years.
The former oscillation is significant at the 99% confi-
dence level in San Juan (Fig. 4b) declining in confidence
(85%) southwards towards Mendoza (Fig. 4c). The
quasi-4-year oscillation behaves in the opposite fashion,
while the biennial oscillation is only present northwards
in San Juan with 95% confidence.

Further eastwards, San Luis and the easternmost
Villa Mercedes both show the highest summer precipi-
tation means of around 500 mm and also the highest
maximum with more than 840 mm at San Luis. The
inter-decadal variability is clearly apparent in San Luis
(Fig. 3) of roughly ten-year length wet and dry terms.
The spectral density function (Fig. 4d) illustrates peaks
in the bands of period 18-21 years, about 4 years with
95% confidence and of the biennial periodicity with
90% confidence.

In the southern areas, San Carlos, Rama Caida and

i A; B; Colonia Alvear show summer precipitation means
between 200 mm and 250 mm. Wettest summers may
1?33 igggg%g :gzggzgg experience roughly 500 mm, and the driest close to only
14.0 +2.297350 +6.759104 50 mm. The smoothed summer precipitation in Rama
18.35 —3.735480 +13.669870 Caida, (Fig. 3) indicates alternating wet and dry long-
22.5 —1.161050 —20.008000 term periods with the diminution of the intensity of
42;7‘8 + Eézggggg 1%;;‘3%8(7) droughts from the 1980s. In general it is dominated by
i i i quasi-oscillations in the periods of 18-22 years and 34
Table 4 Main statistics for ) .. . .
summer-rainfall single series of Station Data Average Minimum Maximum Std. deviation
the nine-stations used in the number (mm) (mm) (mm) (mm)
analysis of the CWR (1) La Rioja 94 301.8 81.5 588.2 112.5
(2) San Juan 98 72.2 0.0 199.2 40.5
(3) Mendoza 98 158.6 17.1 381.9 71.3
(4) San Luis 92 479.6 216.0 842.9 128.2
(5) Villa Mercedes 47 551.9 305.1 796.0 121.2
(6) San Carlos 41 223.2 63.0 452.3 87.5
(7) Rama Caida 71 235.2 49.0 505.4 106.7
(8) Colonia Alvear 44 2353 48.4 533.8 114.1
(9) Victorica 93 414.5 120.4 887.2 148.0
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Fig. 3 Standard deviation anomalies (SDA) for each nine-term-
smoothed individual series of summer-rainfall. Negative values: dry
spell; positive values: wet spell

years (Fig. 4e), significant at 85% and 90% levels of
confidence, respectively. Victorica in the southeast
boundary of the CWR shows mean summer precipita-
tion of over 400 mm with the extremes of 887.2 and
120.4 mm, the highest and the lowest respectively.
Hence, the major variability within the CWR is found at
Victorica, denoted also by high the standard deviation at
the station. In Fig. 3, ninth panel, the prevalence of
below-average summer precipitation is evident between
the last years of the 1920s and mid-1960s which inter-
rupts the alternating wet and dry long-term pattern
common to the rest of the region. The spectral estimates
(Fig. 4f) reveal quasi-oscillations of periods 6 year with
90% confidence, of longer than 40 year and the biennial
periodicity, both bands at 75% confidence level.
Therefore, the decadal variability is added to the over
40-year low frequency fluctuation affecting the alter-
nating wet and dry long-term periods.

In general it is evident that the entire region is subject
to non-random quasi-oscillations in the bands of about

Compagnucci et al.: Climatic change and quasi-oscillations in central-west Argentina

0.06 0.14
40;28;’" — ~Byr. ~18yr.
¢ ~o0% (@) 012 o >o5% (b)
0.05
~4yr.
-
>80% —=—SAN JUAN (2)
S I o [ Markov red noise
0.04
. 008 Maximum Lag: 32
) o
a . N: 98
@» 003 | YTy 2]
%] @ 008
0.02 ~2yr.
" | —=—LARIOJA (1) 0.04 ~95%\
------ Markov white noise
0.01 .
Maximum Lag: 31 0.02
N: 94
0 0
620 103 56 3.9 3‘0 24 20 64 12.87.11 4,92 3.76 3.05 2.56 2.21
waves (yr waves (yr)
0.08 0.07
C
0.07 '\~4 yr.( ) 0.06
>99%
0.06
0.05
0.05
. - 0.04
a o
o 0.04 @
@ @ 0.03
003 |- e
0.02
.02
00 ——SANLUIS (4)
MENDOZA (3)
" 001 | Markov red noise
001 | Markov white nost o
Maximum Lag: 32 i .
N: 98 Maximum Lag: 30
0 0
64 10.7 582 4 3.05 2.46 2.06 60 12 6.67 4.62 3.53 2.86 2.4 2.07
waves (yr) waves (yr)
0.12 0.07
~18 yr. (e)
~Byr.
~85%
o (®
0.1 ——RAMACAIDA (7) 0.06
. —+—VICTORICA (9)
------ Markov red noise o Mark o
0.08 Maximum Lag: 24 0.05 larkov red noise
’ N: 72 h Maximum Lag: 31
& . 5 004
) 0.06 o
@ @ 0.03
0.04
0.02
o2 0.01
0 0
48 96 533 369 282 229 62 10.3 564 3.88 2.95 238 2
waves (yr) waves (yr)

Fig. 4a—f Tukey’s power spectra with Parzen’s window for the main
summer-rainfall individual series of CWR for the period 1901-1998.
Main wave bands and corresponding significance values are indicated.
SSD means standarized spectral density

18-22, 6 and 4 years with different levels of confidence
for each individual series.

Figure 3 confirms the clear coherence of alternating
positive and negative anomalies between stations
throughout the CWR. It is therefore reasonable to ex-
pect to see these features in the regional index series. The
series of La Rioja, Mendoza and Victorica have a neg-
ative trend from mid-1980s, which, if extrapolated,
would give rise to general dry spells in some parts of the
region. Such a result could be relevant southwards, at
Victorica, since it might herald another long-term
drought similar to that observed between the 1920s and
mid-1960s. Furthermore, the amplitude of the longer



Compagnucci et al.: Climatic change and quasi-oscillations in central-west Argentina

multi-decadal oscillation of Victorica is larger than that
of La Rioja and it involves a difference of more than
500 mm, which represents four standard deviation, be-
tween long wet periods occurred in the 1920s and in the
1970s-1980s and that extended the long term drought of
mid-century. These areas have frequently been declared
to be in a ‘state of agriculture emergency’ due to
drought. However, further analysis would be necessary
to assess the validity of such a forecast in this sub-
region. On the other side, San Juan, San Luis and
Rama Caida all seem to show a reduction of inter-
annual variability from the 1980s.

3.2 Summer precipitation fluctuations over the CWR

The summer precipitation index and associated
smoothed series is shown in Fig. 5a for the period
1901-1998, both expressed in units of percentage de-
viation from normal. An oscillatory pattern of alter-
nating wet-and-dry spells is clearly apparent in both
series, but there seems to be a predominance of posi-
tively anomalous rainfalls from the 1970s until mid-
1990s. This phenomenon is more apparent in the
smoothed record. Likewise, it is possible to identify
four extended dry spells, 1907/1917, 1928/1939, 1947/
1955, 1966/1972, and four wet spells, 1918/1927, 1940/
1946, 1956/1965, and 1973 onwards (Table 5). A pos-
sible wet spell ending in 1906 could be discerned
although its start cannot be evaluated. Each alternating
spell appears to persist for about 9 years until the most
recent, longest, wet spell, which seems to have started
in 1973 and have extended for more than 25 years. The
question of whether this formerly apparent 18 year
quasi-oscillation continues in the most recent years, is
discussed in later sections.

Fig. 5a Summer-rainfall index 1910 1920

1930
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The lowest value of the regional index recorded be-
tween 1901-1998 occurred in 1934 and was 54% below
normal while the highest, in 1904, was 88.6% above
normal. If the post-1973 extended wet spell is excluded,
then the most persistent extended wet spell is that of
1918/1927 with six consecutive years of above normal
rainfall and the most persistent extended dry spell is that
of 1947/1955 with nine years of consecutive years with
below normal rainfall. This drought is exceptional in
having no periods of above average rainfall, because, in
general, every extended wet or dry spell includes about
two years of opposing sign. These discontinuities in
spells are generally more marked when dry years inter-
rupt a wet spell, than during the alternate condition. For
example, the largest positive anomaly in an extended dry
spell occurred in 1968 and is only 7% above normal,
whereas the largest negative anomaly during a wet spell
is 1942 with 42.9% below normal, implying that ex-
tended dry spells are more uniformly dry than wet spells
are wet. In comparison to the temporal features just
described, the post-1973 extended wet spell is of an ex-
traordinary and unprecedented length, and apparently
shows no signs of cessation given the positive index
values of 1997 and 1998 (Fig. 5a).

Spectral analysis of the full index series (1901-1998)
reveals three statistically significant bands of maximum
spectral energy at about 2, 4 and 16-21 years at 90%
confidence level, and a secondary ‘pseudo-peak’ near 6
years with significance of only 75% (see Fig. 6, solid
line). Note that lower frequency variability is located in
the band 16-21 years with the maximum at 21 years.
When the period 1901-1977 is analysed alone (Fig. 6,
dashed line), the band of 16-21 years of low-frequency
variability is shifted towards the peak of 16 years. Also,
the ‘pseudo-peak’ of about 6 years is absent in the
analysis of the pre-1977 data and the statistically
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Table 5 Wet and dry spells in A B
the CWR given by the spatially Spell  Period Number  Space-mean Wettest or  Maximum or  Number of
averaged summer-rainfall in- of years  deviation (%) driest year = minimum years with
dex, number of year and mean deviation (%0)  opposite sign
deviation for each spell, wettest
or driest year and deviation dry  1907-1917 11 -19.0 1909 —46.5 1
within the spell and number of wet 1918-1927 10 +25.0 1919 +59.4 1
years with opposite rainfall.sign 41y 1928-1939 12 -28.6 1934 -54.0 3
occurred. The year corresponds zvet igﬁg_iggg ; + gg %345141‘ +Zég (3)
to th d three-month-t ry - s .
of the som o e wet  1956-1965 10 +12.9 1960 35.6 2
considered dry  1966-1972 7 -20.3 1971 —42.4 2
wet 1973 up to date >25 +14.7 1979 +49.1 7
significant peak at two years in the current data had 0.1 +
previously appeared not significant. Evidently the
low-frequency characteristics which dominated at least 0.09 + - 16'201 — —1901-1977
untill 1977 cqrrespond to the formerly noted 18 year ~90% 1901-1998
quasi-oscillation. The clearly above average values of the 0.08 -
years 1984, 1985 and 1986 (Fig. 5a) disturb the negative
tendency slightly sketched from the beginning of the 0.07 4
1980s which would have corresponded to former 18-year
quasi-oscillation. These spectral results further contrib- 0.06 4
ute to the notion of a possible climatic shift in the region A
in the mid-1970s. vi 0.05 1
%
0.04 A
4 Modelling fluctuations in the central
west region index 0.03 1
4.1 The absence of an expected mid-1980/1990s drought 0.02 1
In order to evaluate the existence of a possible change in the low- 0.01 -
frequency regime of spatially averaged summer precipitation over
the CWR, the mathematical model described in Sect. 2.3 is fitted 0
to the pre-1977 data and extrapolated until present. Figure 7 oottt
64.0 16.0 9.1 64 49 40 34 29 26 23 2.1

displays both the observed smoothed summer-rainfall index series
and the extrapolated function, each is expressed as a percentage
deviation from normal rainfall. It is apparent that the fitted model
reproduces faithfully the pre-1977 series in both the amplitude and
phase of the observed wet (positive) and dry (negative) periods.
However, predictions for the period 1978-94 augured a sharp
decline in summer precipitation, leading to a period of drought
commencing at the beginning of the 1980s. The nadir would be
reached in 1991, from which time values would start to increase,
although remaining below average, until present. Therefore, the
observed pattern of low frequency variations in summer precipi-
tation in the region diverges from the modelled behaviour after
1978. The predicted behaviour is clearly very dissimilar to the
observed pattern, and the anticipated drought of the 1980s-90s
never materialised.

To assess such changes, each station’s series is divided into two
samples, one from the beginning of available record until 1977, and
the other from 1978 onwards. Since the records at San Carlos and
Colonia Alvear end in 1978, these stations are excluded from this
analysis. Differences in sample means between sub-samples are
evaluated by Student’s z-test, however the exact formulation of this
test requires the knowledge of whether the variances of the samples
can be considered to equal or not. Hence, Fisher’s F-test is also
applied since only in the case of San Juan could the variances in the
two sub-samples be considered statistically significantly different at
o = 0.01 (confidence level). Consequently, the proper application of
the t-test (Table 6) indicate that mean summer precipitation totals
are significantly different pre- and post-1978 at o = 0.10 with the
exception of San Juan and Villa Mercedes. The reduction from
43.9 mm to 24.8 mm in standard deviations between the two pe-
riods at San Juan is noticeable. The significance of the result at

waves (yr.)

Fig. 6 Tukey’s power spectra with Parzen’s window of the summer-
rainfall CWR index for the period 1901-1977 (dashed line) and 1901—
1998 (solid line). Main wave bands and corresponding significance
values between 1901-1998 are indicated. SSD means standarized
spectral density

Villa Mercedes is over o = 0.10 which could be due to the shorter
series (1951-1998).

So far, it is highly likely (greater than 90%) that the samples
obtained from before and after 1978 are drawn from different
statistical populations, due to a change in the low-frequency vari-
ability of summer precipitation at about this time, evidenced by the
length of the late wet spell. This implies a regionally coherent cli-
matic change in summer precipitation regime which leads to an
increment in means of about 20% averaged over CWR (Table 6).
The change is strongly associated with the year 1973 corrre-
sponding to the beginning of the current, unusually long, wet spell.
Yamamotos’s index, (Yamamoto et al. 1986) which evaluates
objectively the year of climatic “jump’ in the variable, identifies
1973 like the reference year at 95% of confidence [Jgos
(1973) = 1.10 > 1.0]. That year then marks the starting point of a
statistical different population of summer precipitation. Thus
between 1973 and 1977, a displacement to the bands of 18-21 years
in the domaining low-frequency oscillations could be generated
by one or more causes, producing a significant alteration of the
summer precipitation regime over CWR. The trigger of forcing



Compagnucci et al.: Climatic change and quasi-oscillations in central-west Argentina

Fig. 7 Smoothed summer-
rainfall index for the CWR,
observed (squared line)
between 1901-1998 and
obtained by the 7-wave
model (circled line),
expressed as percentage
deviation from normal
rainfall (% DNR)
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Table 6 ¢-Student’s statistical test of difference of means: sampling
means until 1977 and after 1977, difference between sampling
means and percentage confidence of Hj-rejection. Null hypothesis
H): samples come from equal populations respective to mean

Station Until 1977 From 1997 Difference Confidence
(mm) (mm) (mm) (%)

La Rioja (1) 284.4 362.5 +78.1 99

San Juan (2) 72.3 68.4 -3.9 60

Mendoza (3) 147.4 199.8 +52.4 99

San Luis (4) 469.4 514.3 +44.9 90

Villa Mercedes (5) 525. 582.6 +57.5 >80

Rama Caida (7) 219.1 273.5 +54.4 95

Victorica (9) 398.1 470.6 +72.5 95

mechanism(s) could be constrained between both dates and may
have its source in large scale given that its influence is upon the low-
frequency variability of summer precipitation. A direct hypotheti-
cal factor could be the strengthening of large-scale atmospheric
circulation observable over the southern portion of South America
from the 1970s that advects humidity towards the region. In turn, a
potential global climatic change occurring in 1977, connected to
changes in the conditions of the Equatorial Pacific and the fre-
quency, intensity and onset of the El Nifo events, is well docu-
mented (Trenberth 1990, 1995; Ebbesmeyer et al. 1991; Wang
1995), which would indirectly influence the summer precipitation
regime over the CWR. The common date of change is a fact, so
such a likely relationship will be examined in Sect. 5.

4.2 Changes in local fluctuations

The extent to which this apparent change in climate is reflected
intra-regionally has been investigated through the application of
spectral analysis to each individual time series. Two sub-samples
are analysed for each station, one from the starting year of the
record until 1977, and the other by eliminating 21 years from the
starting year and adding data from 1978 to 1998. The maximum
lag has been established at 15 years as the shortest sub-sample
studied is of 50 years, and the maximum periods of oscillation
upon which comparisons may be made is 30 years (for details see
Appendix).

Both spectra (earlier and later) for each station are shown in
Fig. 8 identified by the station name and the last year of record
employed in constructing the spectrum. The La Rioja 1998 spec-
trum with data up to 1998, has experienced a spectral energy shift
in high frequency fluctuations from about 4 to 6 years, an incre-
ment in energy of the biennial oscillation and diminution of low-
frequency oscillations of period about 18 years, compared to the
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Fig. 8a—f Tukey’s power spectra with Parzen’s window of the samples
obtained for each of the main summer-rainfall individual series of
CWR for the periods ending in 1977 (station name 1977) and in 1998
(station name 1998). SSD means standarized spectral density

La Rioja 1977 spectrum. The San Juan 1977 and 1998 spectra
shows no energy change in the quasi-18 year fluctuation and a
slight increment close to 4 years. To the south, the compar-
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ison between Mendoza 1977 and 1998 spectra clearly illustrates a
diminution of the 18 year quasi-oscillation along with an increment
in the 3 year peak. Rama Caida shows spectral energy shift from
the 4 year to the 6 year oscillation, and energy increments in low-
frequency-oscillations in the band of about 18 to 30 years, for the
spectrum with data up to 1998. Both San Luis 1998 and Victorica
1998 demonstrate an enhancement of spectral energy at a period of
about 4 years, and at the biennial period, compared to the previous
period. Victorica, to the southeast of the CWR, shows a clear in-
crement in long-wave energy of the band periods of 18 to 30 years
and about 6 years with the data up to 1998 (see Fig. 8).

Despite the fact that the samples containing the last 21 years of
information frequently also contain observations from the pre-1977
period, the derived spectra show differences that are in keeping with
the previously proposed changes for the characteristics in the
regional index series of summer precipitation. The displacement
of the 18 year peak towards lower frequencies is clearer in the
southern areas. The ‘pseudo peak’ of about 6 years appears to be a
shift from a previous 4 year oscillation.

5 Potential global links to the summer rainfall region
of South Africa and the ENSO events

An apparent teleconnection between summer precipita-
tion in CWR and SRR of South Africa through the 18
year quasi-oscillation in the period 1901-1978 was pre-
viously outlined by Compagnucci and Vargas (1983).
Similarities in geography and location with respect to
general atmospheric circulation were posited as possible
explanations for this joint behaviour. Both regions are
subtropical, located to the east of mountain chains, and
are affected by the presence of the quasi-stationary
subtropical highs, irregular irruption of cold frontal
passages and synoptic cyclones. Nonetheless, such a
teleconnection seems to be more complex involving
atmospheric-oceanic interactions as well as inter-oceanic
links (an atmospheric-oceanic teleconnection).

Results from Mason (1995), using a 80-year-long SST
dataset, show that positive SST anomalies (SSTAs)
southeast off the South African shore over the Indian
Ocean in the Anghulas system are responsible of the
major summer precipitations in the SRR. The Anghulas
SSTAs reach a maximum between January and March
and affect local atmospheric circulation in summer.
Thus, wet conditions are associated with Anghulas warm
events which enhance the tropical and middle latitude
circulations by increasing the influx of warm and moist
air from the east and along with the enhancement of
cyclogenesis to the south of South Africa. The coupling
of the tropical-temperate systems results in the formation
of a trough across the SRR giving conditions of pole-
wards transfer of heat and momentum with the subse-
quent enhancement of rainfalls. By analogy, a similar
atmospheric connection between both CWR summer
precipitation and SSTAs of the adjacent subtropical
South Atlantic Ocean could be expected although further
analysis is required to assess the hypothesis.

Another other relevant result obtained by Mason
(1995) is the atmospheric teleconnection between the
equatorial SSTs of the Atlantic Ocean and the SRR
summer precipitation, though to a more minor degree
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than the Anghulas system. The westerly waves are af-
fected by changes in the poleward transport of westerly
momentum which originate from the South America
tropical heat source. Hence, variations in the convec-
tive activity over tropical South America can influence
precipitation over South Africa by its influence on
westerly waves (Harrison 1986). A weakening and
westward withdrawal of the 200 hPa wave is associated
with wet conditions over South Africa. Such a situation
can be found when the convective cloud-band is
located westward of 20°W over tropical South Atlantic
and the Brazilian forests leading to more convection
over the continent and adjacent tropical South Atlantic.

This suggests that the SSTs of the tropical South
Atlantic could be the common source for the atmo-
spheric-oceanic teleconnection between both CWR and
SRR summer precipitation regimes bearing in mind that
the former is closely associated with South American
tropical latitudes. This teleconnection is found to be at
inter-decadal variations in the quasi-18-year fluctuation.
In turn, global SSTAs of Southern Hemisphere oceans
are shown to have a significant 16-21 year periodicity
according to Folland et al. (1999) who link this fre-
quency band with the periodicity of the South African
summer rainfalls. This is the reason by which it does not
seem to be odd to expect certain degree of low-frequency
tropical-subtropical inter-continental linkage between
the CWR and the SRR via the SSTs. In addition the
Anghulas system also shows a 21 year quasi-fluctuation
(Mason 1995; Reason and Mulenga 1999), which adds
another variable to the already complex tropical-sub-
tropical, inter-continental interactions, whose role in the
former atmospheric-oceanic teleconnection must be
carefully analysed. However, further work is needed to
shed more light on such a link.

As discussed in Sect. 4, the CWR showed a signifi-
cant change in the low-frequency variability, which is
consistent with the long and persistent wet spell recorded
from 1973 up to the end of the twentieth century.
However, there is no documented evidence of a change
in the temporal characteristics of the summer precipi-
tation regime over South Africa. In fact, on the con-
trary, other studies (Tyson et al. 1986, 1991, 1997)
suggest that SRR of South Africa has maintained its
quasi-18-year fluctuation at least until 1996. Therefore,
the former teleconnection between both regions may no
longer exist. The contributions of low-frequency fluctu-
ations, obtained by removing terms of higher frequency
than nine years by filtering, to both the CWR and SRR
series are shown in Fig. 5a,b. The horizontal bars illus-
trating wet and dry episodes indicate that the in-phase
behaviour of both regions is preserved until the 1970s.
The nine year alternation of wet and dry spells (i.e. 18
year oscillation) is still maintained in the SRR record
until the 1990s. In fact, the SRR experienced a dry spell
from 1983 that endured until the mid-1990s. The wet
years of 1988 and 1989 are considered anomalous and a
consequence of isolated heavy rainfalls in central South
Africa (Tyson et el. 1997). Moreover, Mason (1996)
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states that the extended droughts, which occurred over
vast areas particularly of eastern South Africa, from the
beginning of the 1980s until mid-1990s, represent the
longest extended dry spell of the century in SRR.
Therefore comparisons between CWR and SRR indicate
that the previously in-phase behaviour altered dramati-
cally in the mid-1970s, to such an extent to be currently
totally out-of-phase.

This disconnection between CWR and SRR around
mid-1970s could be due to changes in the source of
moisture and in the dynamic conditions involved in
moisture advection and of those which favour local
convection over CWR. On the other hand, the preva-
lence of the quasi-18-year oscillation in South Africa
reveals continuity of those mechanisms and processes
associated with the summer precipitation regime in that
area until the end of the twentieth century.

The fundamental hypothesis which must be consid-
ered in future studies is that the moisture source for the
CWR until 1977 could be mainly the subtropical South
Atlantic while in the last decades of the century the major
moisture source would be the equatorial-tropical South
Atlantic as well as the Brazilian forests. Recent investi-
gations confirm that in the recent years the humidity for
CWR comes from tropical latitudes. The apparent South
American tropical-subtropical connection seems to be
the result of the meridional low level jet to the east of the
Andes enhancing the influx of moisture to subtropical
Argentina according to Saulo et al. (2000). Her results
applied to the summer 1997/98, using the ETA model,
show that the meridional low level jet splits into two
branches. A minor branch of this moisture advection
penetrates into CWR (see Fig. 13a, b in Saulo et al.
(2000) which show mean summer stationary water va-
pour flux field integrated from 1000 to 800 hPa and from
1000 to 100 hPa). In particular, the wet 1997/1998
summer had above average rainfalls over CWR and was
one of the wettest summers of the long-term wet spell
registered in the region at one standard deviation above
normal since the 1970s (see Fig. 5a). Also, positive/neg-
ative tropical SSTAs in the South Atlantic are associated
with strong/weak trade-winds (Robertson et al. 2000)
that are deflected polewards by the Andes to further
determine the low meridional level jet. In concordance,
former results obtained from the 1970s onwards deter-
mine that the Brazilian and Bolivian forests along the
South Atlantic ocean provide movement of humidity
southwards by channelling the low level circulation by to
the Andes, the Plateau of Bolivia and the eastern high-
lands of Brazil (Wang and Peagle 1996). Moreover,
Barros et al. (1996) found positive correlations between
South American tropical convection and wet conditions
over western subtropical Argentina. In turn, the tropical
convection to the east of the Andes is also found to be
directly correlated to SSTAs over the equatorial South
Atlantic (Vuille et al. 1999) which reinforces the previous
idea of a South Atlantic equatorial-tropical SSTs tele-
connection bridge between both subtropical summer
precipitation regimes of SRR and CWR.
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In addition, the hypothesis that the increment in
summer precipitation recorded since mid-1970 s in the
CWR can be related to the enhancement of moisture
advection from the equatorial-tropical South Atlantic
and the Brazilian forests through the low level jet, is
supported by two previous studies. One, the climatically
provable increase of precipitation in the Pampas region,
to the east of the CWR, and in the northeast of Argen-
tina (Barros et al. 2000). The other, the positive tendency
of the Uruguay, Negro, Parana and Paraguay rivers,
(part of the del Plata basin) to show increased stream-
flows after the mid-1960s at a rate that is approximately
linear but not the same in all the rivers. These stream
flows show a marked tendency toward levelling off in
recent years (Genta et al. 1998). Both northeastern Ar-
gentina and del Plata basin are affected by the main
branch of the low level jet. In addition, the major con-
tribution of moisture is consistent with the positive
tendency after mid-1970s in the SSTs over the equatorial-
tropical South Atlantic shown by Folland et al. (1999).

On the other hand, changes in atmospheric circula-
tion that occurred in the 1970s and 1980s over Southern
Hemisphere and in particular over southern South
America could be connected to the change in the CWR
and responsible for the disconnection with the SRR of
South Africa. van Loon et al.’s (1993) world wide survey
showed that since mid-1970s and the 1980s the Southern
Hemisphere circulation has changed radically compared
to the 1970s and 1980s. Hurrel and van Loon (1994)
determined that the change in the mean cycle of pres-
sure, and high and middle latitude winds (circumpolar
low, semi-annual wave and polar vortex) could be in-
fluenced by increasing SSTs in lower latitudes. Over the
southern cone of South America, Camilloni (1995)
found that the maximum of the SAA moved 5° pole-
wards during the 1970s. Barros and Scasso (1994) en-
countered a positive continental pressure tendency at
45°S, consistent with the displacement southwards of the
westerlies over the Patagonian region. This would bring
a net increase in precipitation to the north of 40°S and
east of the Andes, associated with a diminution of the
north-to-south temperature gradient during the last 35
years (Barros et al. 1996).

From the 1970s it is clear that the tropical forests
and equatorial-tropical South Atlantic SSTs are the
sources of moisture flux for subtropical Argentina,
and thus for the CWR. For the South African coun-
terpart, the sources of moisture are mainly the adjacent
southeastern Indian Ocean followed by the equatorial-
tropical South Atlantic. It is evident that over the
southern cone of South America the atmospheric cir-
culation has changed significantly since mid-1970s
giving rise to changes in precipitation regimes over
subtropical Argentina.

In order to depict that the shift occurred between both
CWR and SRR time series in lower frequency, the
smoothed time series spectral density functions are
shown in Fig. 9 for the whole period. Noticeably, the low
frequency band significant at 90% confidence or more
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extends roughly from 19 to 9 years with spectral energy
maximum between 18.7 and 14 years for South Africa. In
CWR, this frequency band becomes wider toward lower
frequencies with values between 28 to 9 years and a
spectral energy peak located at around year 18.7. Addi-
tionally, the low frequency spectral energy appears to be
higher in CWR than in SRR. Both results indicate a
major variability of the low frequencies in CWR with a
major length wave in average, which is visible in Fig. 9
through the difference between both spectral peaks. Al-
though one must be prudent when interpreting these
spectral results given that just the last 21 years of the time
series of CWR have experienced the change, they are
consistent with the loss of coherence between both CWR
and SRR, clearly manifested in the longest recorded wet
and dry episodes, respectively, in each region.

The diverging behaviours of the CWR and SRR since
1977 may be the result of varying dependence of each
region’s precipitation upon ENSO. However, Kruger
(1999) claims no statistical association exists between
precipitation in SRR and ENSO events. At most one can
only expect that an extreme wet summer may occur
within a extended wet (dry) spell if a La Nina (El Nifio)
event occurs. Additionally, Tyson et al. (1997), studying
climatic teleconnections between New Zealand’s glacial
advances and South Africa’s summer droughts, found
that although the ENSO plays an important role in cli-
matic variability, it does not seem to provide a proper
mechanism to explain the New Zealand/South Africa
teleconnection at inter-decadal scales.

With the intention of determining whether there ex-
ists an association between wet/dry spells in CWR and
warm/cold phase of ENSO, contingency tables (Table 7)
are constructed. Summer precipitation is considered as a
dichotomous variable (above or below long-term mean)
and years are categorised as El Nifio, La Nifia or Nor-
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Fig. 9 Tukey’s power spectra with Parzen’s window of the 9-term-
smoothed summer-rainfall index for both CWR and SRR in the
period 1901-1998. SSD is standarized spectral density

Compagnucci et al.: Climatic change and quasi-oscillations in central-west Argentina

mal. Since the null hypothesis of independence cannot
be rejected at the 0.05 level, it is suggested that the year-
to-year summer precipitation may not be associated with
the ENSO phenomenon. Nonetheless, one wonders
about the kind of association existing, if any, between
the change in the mean conditions of the equatorial
Pacific SSTs and the change in summer precipitation
regime over CWR, both around 1977. In fact, during the
last decades the few observable La Nifia events have
been weak, in accord with a period of a few extended
rather dry summers over CWR. In general for the period
1910-1998, there is a tendency to have below-average
precipitation within La Nifia years (ten against seven
cases). Moreover, the driest summer of 1989, although
not falling below one standard deviation, occurred si-
multaneously with a strong La Nifia event. These results
suggest that though the interannual variability of sum-
mer precipitation may be independent of ENSO events,
it is possible to find a possible association at decadal to
multidecadal variability between wet/dry spells and
warm/cold ENSO events.

Taking into account the relevant role of South
Atlantic SSTs as moisture flux source, any explanation
of potential relationships between ENSO events and the
CWR summer precipitation needs to be sought in inter-
oceanic interactions between the equatorial SSTs of the
Pacific and the Atlantic oceans that indirectly could
affect summer precipitation. Interactions between
the equatorial Pacific SSTAs (ENSOs) and the
tropical-subtropical Atlantic SSTAs have been studied
(Saravanan and Chang 2000, among others). Therefore,
further analysis is needed in order to understand the
matter. At present, any association between both wet/
dry spells in CWR and El Nifio/La Nifa events is, at
best, inconclusive.

6 Conclusions

In spite of the fact that records are shorter than 100
years, that the density of stations in the area is low, that
discontinuities and inhomogenities are present in the
series, and that an important inter-annual variability of
rainfall exists which may bias any discussion of fluctua-
tion, the analysis of summer precipitation has been per-
formed for the central-western Argentina (CWR) with
the intention of identifying quasi-oscillations in the
series. The study was curried out using nine stations

Table 7 Contingency table for the input variables ENSO-year and
regional summer-rainfall within three categories for the former: EL
Nifio, La Nifia and Normal; and two for the latter: wet year and
dry year. Observed values and in parenthesis theoretical values
according to the hypothesis of independence between variables

Year El Nino La Nina Normal Total
(+) WET 11 (9.4) 7 (7.5) 25 (23.1) 43
(-) DRY 10 (5.3) 10 (8.5) 25 (25.9) 45
Total 21 17 50 88
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widely distributed over CWR with quality records
throughout the twentieth century, minor discontinu-
ities and few missing data that could be estimated by
interpolation.

The driest core is located at San Juan on the middle
western boundary of the region, rising towards the
north, east and south. The eastern lands are the wettest
and also the most variable, particularly at Victorica in
the southeast, becoming the most vulnerable to climatic
variations. In each individual series, decadal variations
of period around 18 years and of approximately 6, 4 and
2 years are present to a varying degree, implying some
sort of coherent climatic fluctuations over the region.
Additionally, a long wave of approximately 40 years is
mainly evidenced by the smoothed time series of La
Rioja, to the north and of Victorica on the southeast, of
the region. This means that decadal variability is added
to that fluctuation of over 40 year affecting the alter-
nating wet and dry patterns.

The analysis of the spatially averaged summer pre-
cipitation index for the CWR shows a fairly regular
pattern of alternating wet and dry spells. On average such
spells lasted for about nine years during the period 1901—
1973. During such protracted conditions there were
generally two years of opposing sign, although the ex-
tended droughts were more uniformly dry than the wet
episodes were wet. The spectral density function of the
regional index shows similar periods of oscillation to
those found at each individual station, all of which are
significant at the 90% confidence level, with the exception
of that at six years that poorly reaches 75% confidence.
In particular, the quasi-oscillation of 18 years is enhanced
and corresponds to the low frequency pattern described.

In the summer rainfall region (SRR) of South Africa
a similar decadal quasi-18-year oscillation with alter-
nating wet and dry spells of approximately nine years is
found in the regional index series for almost the whole
century (Tyson et al. 1997; Mason 1995). During mid-
1980s and mid-1990s the SRR has experienced one of
the most severe drought (Mason 1996), expected by the
long-term variation of around 18 years. It is found that
these oscillations are in-phase related to those of CWR
until mid-1970s.

The apparent teleconnection between both SRR and
CWR low-frequency summer rainfall variability sug-
gests large-scale atmospheric-oceanic factors are in-
volved and have to be investigated. Results for SRR
showed relationships with global SST variations (Mason
1995; Folland et al. 1999) so the former atmospheric-
oceanic teleconnection could be concordant with them.
Therefore, understanding of the former linkage between
both subtropical regions and, particularly, the equato-
rial South Atlantic SST variations is relevant for the
development of potential climatic forecasts.

However, since the mid-1970s the decadal oscillation
over CWR has been interrupted by the longest, as yet
unfinished, wet spell of the century giving rise to an
opposing behaviour to that of SRR for mid-1980s and
the 1990s. The comparison between spectra with data up
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to 1977 and with data up to 1998, indicates that the low-
frequency band of 16-21 years has a peak of energy that
has shifted from around 16 years to around 21 years,
bands of around 6 years has appeared, and the biennial
oscillation has become more pronounced in the analysis
with data up to 1998. The analysis of comparison for
each meteorological station shows slightly different in-
dividual spectra. The shift of the 18 year oscillation is
most apparent at Rama Caida to the south. In La Rioja
and Rama Caida, the peak of near four years appears to
be shifted towards the 6 year quasi-oscillation if the last
21 years is added.

Analysing the mean of regionally averaged summer
precipitation using the Yamamoto statistical index,
showed that the CWR experienced a climatic ‘jump’ in
1973. Nonetheless, when modelling the smoothed time
series of the regional index of CWR (explaining more
than 89% of the variance) using the periodicities of low
frequency observed until 1977 with major spectral en-
ergy, the change is clear in 1977 from which the observed
values differ evidently from those of the model. From
mid-1970s onward the apparent climatic change produce
thereby an increase of 20% in spatial average of summer
precipitation and modifies its regional fluctuation
pattern.

As a consequence of this change in the low-frequency
regime of summer precipitation, the long-wave telecon-
nection between the CWR and SRR of South Africa has
been lost. The SRR appears to have continued with the
18 year oscillation, undergoing the anticipated dry spell
(Tyson et al. 1997).

Furthermore, there appears to be no evidence of
dependence between year-to-year above/below average
rainfalls in CWR and warm/cold ENSO phases (a result
also found in SRR). Nonetheless, it is possible to find a
potential association at decadal to multidecadal scales
between both phenomena, which could give one expla-
nation for the former atmospheric-oceanic teleconnec-
tion between the South African and central-western
Argentina summer rainfall regions.

The trigger of forcing mechanism(s) of the current
regional summer precipitation regime seems to be re-
lated to the large-scale phenomena as such influence is
reflected mainly in low-frequency variations. A potential
hypothetical factor of change could be the strengthening
of direct and indirect mechanisms of moisture flux
transport associated with low-level atmospheric circu-
lation changes and/or to the SSTs mean condition long-
term variation over tropical and subtropical South
Atlantic and South Pacific oceans.

A hypothesis is that the loss of teleconnection around
mid-1970s between both subtropical regions could be
possibly due to a change in the atmospheric circulation
observed over the southern cone of South America
(Barros et al. 1996, 2000). Then, it would lead to pos-
sible changes in the source of moisture advection to-
wards the CWR from subtropical latitudes to tropical
latitudes of the South Atlantic, in the strengthening
of dynamic mechanisms also associated to moisture
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advection and/or in the atmospheric dynamics of
circulation of convective processes over the area.
Finally, the current analysis encourages exploration of
the essential dynamical atmospheric-oceanic interactions
that affect CWR summer precipitation. Further works
should consider the study of mean conditions of the SSTs
of the tropical and subtropical South Atlantic Ocean in
relation to the grouping of summers of both positive and
negative anomaly precipitation. Moreover, studies of
equivalent potential temperature fields are needed to
identify the origin of air masses arriving at CWR and to
determine the influence on precipitation of circulation
change observed over southern South America. A first
approach could be the exploration of mean pressure
fields in the lower troposphere associated with wet and
dry events in order to sustain the previous hypothesis.
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Appendix

Evaluation of the confidence level of the spectral estimates

The confidence level of the spectra can be evaluated using the
following steps: examination of the time series regarding autocor-
relation, identification of the adequate ‘null’ continuum, and test-
ing of the difference between the time series spectrum and the
adequate ‘null’ continuum.

1. If the lag 1 autocorrelation coefficient, r;, of a time series
(sample) does not differ significantly from zero, it should be assumed
that this time series is free from persistence and that, the occurring
periods in the spectrum are random and not transferable to the
population spectrum. In this case the proper ‘null’ continuum is that
of ‘white noise’, i.e. a horizontal straight line equal to the average of
all m+ 1 ‘raw’ spectral estimates of the spectrum evaluated.

2. If the lag 1 autocorrelation coefficient, r, differs significantly
from zero, and the autocorrelation function shows a simple expo-
nential decline, it can be assumed that the ‘null’ continuum is that
of ‘red noise’. This is frequently the case for climatological data,
then estimation of a population spectrum is generally performed
using Markov generated ‘red noise’. The shape of the ‘red noise’ is
dependent upon the lag 1 autocorrelation coefficient. The compu-
tation of a proper ‘null’ continuum is based on the assumption that
the r; is an unbiased estimator for the autocorrelation coefficient
(Mitchell et al. 1966), which is given by:

2
1—n

S =8 k=1,....M ,

T
1+ 73 —2r cos 37

where S is the ‘red noise’ continuum, S is the ‘white noise’ contin-
uum, M = N/3 number of spectral estimates (maximum lag) and Nis
the time series length. The selected maximum lag, M, is in accordance
with suggestions (Mitchell et al. 1966) of optimising spectral detail
and minimising its instability. If the autocorrelation function shows
no exponential decline, the Markov ‘red noise’ is inappropriate.
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Whether the computed spectra of the time series differ from
either ‘red’” or ‘white’ continuum can be examined by means of the
Chi-squared test, because the ratio of the smoothed spectral esti-
mator C, (f) to the true value S, (f) is approximately distributed as
%° (Jenkins and Watts 1968).

Calf) i
X —
Sw(f) n
where p = (2 N — M/2)/M degrees of freedom, M and N are defined
as before.
Thus the confidence limits about S, (f) are evaluated as,

wx Cu(f) X Cu(f)
T 5 AN < SXX S “h 1 AN

P T (= T5)

which are valid for a particular frequency f.

Filtering of the time series

Time series X(¢), for t=1,...,N, have been smoothed using a 9-term
binomial pass filter of the type recommended by Mitchell et al.
(1966) in which the smoothed series is given by

S(t) = 0.02X (t — 4) + 0.05X (¢ — 3) + 0.12X (¢ — 2)
+0.20X(r— 1)+ 0.22X(¢) + 0.20X (¢ + 1)
+0.12X(t +2) + 0.05X(t + 3) + 0.02X (¢ + 4)

The frequency response for the series S(¢) is approximately
R(f) = cos"(nfAt), where 7 is the order of binomial expansion. This
function gives ratios of smoothed to unsmoothed amplitudes of
0.928, 0.903 and 0.719 for 21, 18 and 10 years.

Objective proof of climatic ‘jump’. Yamamoto’s index
(Yamamoto et al. 1986)

When aiming to measure the statistical significance of a climatic
Jump’, the confidence limit of time mean is proposed as measure-
ment.

Let there be a time series of year-to-year values of a climatic
element x; (i= 1, 2,..., N), M is its sample time mean and S2, the
sampling variance both for a time interval N. Then the confidence
limit C, of probability p% for the time mean over N is given by
C, = Sity/(N - Y2, where 1y is the value in the 7-student distri-
bution with probability ¢% = (100 — p%).

For purpose of detecting any climatic ‘jump’, the time means
Mg and M 4 and variances S3 and S% are computed for samples of
size N before and after a specified year which is shifted in turn. As a
measure of statistical significance for the discontinuity between M g
and M 4, the J, signal-noise ratio of probability p% is introduced as
J,=SIN=\Mgz_M,\ /(C,p + C,,). Here C,z and C,, are the
confidence limits of probability p for Mz and M 4, respectively. It is
reasonable to conclude that a discontinuity of time means could be
detected with p% confidence at the reference years when the value
of J, might be greater than unity.

Usually J, is greater than 1.0 during the several years around
the exact year of discontinuity. If such is the case then the year of
maximum J, is assumed as the discontinuity year.
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