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ABSTRACT. A spectral analysis of the Parana river strearw ffor 1904-1999 for 3 seasons indicated a
periodicity of ~8.5 years in all seasons, with axteriodicities at ~17, ~5, ~3.7 and ~2.8 (QBO)yé&a JFMA months,
at ~29, ~13, ~4.7, ~3.7, ~2.4 and ~2.1(QBO) year8IAMJ months, and at ~27 and ~3.4 years (no QBO3OND
months. El Nifios were associated with positive aal@s (floods) of the stream flow, with lags of femonths. Pacific
SST anomalies were of the same peak magnitudeeimitint El Nifio events of 1982 and 1997, but theast flow
anomalies were much larger in 1983 as compare833@.1IThe rise and fall of the stream flow anomalies oscillatory
with peak separation of ~5 months.
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1. Introduction temperature) anomalies over the northern tropickntic
(Robertson and Mechoso, 1998), and a 15-18 yr dncle
Parana is the largest river in the Plata riverrbésat the north-south difference between streamflows hef t
covers a vast area of subtropical South Americg. (E). Uruguay and Negro rivers to the south and the Raaad
Large areas have been deforested to make way &fr be Paraguay rivers to the north (Robertson and Mechoso
and soybean farming. Some details are: Basin Area:2000). Recently, Robertsat al (2001) investigated the
2,582,672 sq km; Forest: 12%; Loss of Original Bare interannual-to-decadal predictability of the Parander
71%; Deforestation Rate: 18%; Cropland: 45%; for the summer-season (JFM, January-March). In the
Grassland: 36%; Wetlands: 11%; Arid: 10%; Large Bam present communication, the streamflow series at
29; Large Cities: 54; Population Density: 23 peqme sq Corrientes for different seasons (4-monthly inté&syvare
km. A relatively long record of the Parana disclearg spectrally analysed and their ENSO relationshipreis
oscillations is available for the streamflow at Gemtes examined.
(27° S, 56 W) located downstream of the major Parana-
Paraguay river confluence. This record reflects the2. Plots
hydrological condition prevailing over about 1,980 sq
km (70% of the total basin area), including the aoffin The streamflow at Corrientes (Mean discharge 15745
supplied by the Andean headwaters of the Bermefb an m? /sec; Maximum monthly mean 54500” feec, in June
Pilcomayo rivers, the discharge provided by the dat 1983; Minimum monthly mean 4100°nsec, in October
Grosso through the Paraguay river, and the watgyubu 1944) has a pronounced average seasonaliy25%%)
delivered by the Upper Parana River basin with (Depetriset al, 1996), with high waters in February-
headwaters in Brazil's Serra dos Preneos. Earilés, March (local summer) and low waters in August-
record has shown an ENSO signal (Depedtial, 1996), September. For analysis, three data series werduped,
a near-decadal cycle associated with SST (Seacsurfa JFMA, MJJA, SOND, during 1904-1999 (96 data pQints
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Fig. 1. Map of the Parana River drainage basin. C = €otes, Argentina, R = Rio de
Janeiro, Brazil, M = Montavideo, Uruguay, B=Buerdes, Argentina
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Fig. 2. Thin lines : Percentage deviations from meanhef Parana river streamflow series (1904-
1999) for the seasons JFMA, MJJA, SOND, annualcKlines : Moving averages over 11
consecutive values
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Figs. 3(a-d). Spectra (amplitudesersus periodicities detected by MEM) in the series 19@99
(96 values) for (a) JFMA, (b) MJJA, (c) SOND, (dinaal. The hatched portion is the 2
limit. In each frame (a, b, c, d), the three susivesplots are for LPEF = 30%, 40%, 50%.
The abscissa scale is logarithm of periodicity &afy)

Each series was expressed as percentage deviftioms for 1904-1991), including the abnormal increases in
its mean of 96 years. Fig. 2 shows the plots. The 1983 (100%), 1966 (61%) and 1998 (47%). For MJJ& an
horizontal lines above and below the zero line theeo SOND, there is seen a decrease from 1904 to ~HEit0a
limits, + 24% for JFMA,+ 34% for MJJA,+ 32% for considerable increase in recent decades (largestases
SOND, and+ 25% for the annual. The thick lines are in 1983). The maxima are marked by dots and mirbgna
moving averages over 11 consecutive values. TheAJFM crosses and the numbers indicate correspondings year
p|ot shows Steady values up to about 1970 butgﬁnﬂ%h (5=1905, 12=1912 etC.). The circled numbers aragsyea
increased flow thereafter (noted by Depetisal, 1996, of maxima and the numbers in rectangles yaars of
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Figs. 4(a-l). The SST anomalies in the central and eastern i®dpibsitive values painted black,
representing an El Nifio), followed by percentageia®ns from mean of the Parana
river streamflow (positive values shown hatchegresenting floods). The middle year
is an El Nifio year

minima, common to more than one season and sethe in
annual plot. Some years are common but not althén
annual plot, the numbers in parentheses are sga¢ing
years) between successive minima (rectangles) andiv
a wide range of 4 to 10 years, with an averageevafu-7

years.
3.  Spectral analysis

For

the deseasonalized

(3.3 years). Robertsoat al (2001) used data for JFM
months for 1904-1999 and, using singular spectrum
analysis (a variant of principal component analysis
together with the maximum entropy method, SSA,
Vautard and Ghil, 1989), reported periodicities2e5, 8
and 17 years. We adopted the combination of MEM
(Maximum Entropy Method, Ulrych and Bishop, 1975)
and MRA (Multiple Regression Analysis, Bevington,
1969), to estimate amplitudeg and their standard error

record of 1904-1991, g, (common for alr, in this methodology, which assumes

Depetriset al (1996) reported a periodicity of 40 months white noise). Anyr, exceeding & is significant at a 95%
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Figs. 5(a&b). Monthly values of SST anomalies in the central aadtern Pacific (positive values
painted black, representing an El Nifio), followgddeseasoned values of the Parana
river streamflow (positive values shown hatchegresenting floods), for (a) 1981-85,
(b) 1995-99, when giant El Nifios occurred (1982288 1997-98)

(a priori) confidence level. In MEM, there is a iadnle
LPEF (length of the prediction error filter) whidan be
chosen. At smaller LPEF, only very prominent
periodicities are revealed. At larger and largerEEP
more and more periodicities are revealed. In treseqmt
case, three values of LPEF were used, namely 30%, 4
and 50% of the data length.

Fig. 3 shows the spectra (amplitudegersus
periodicities, for the series shown in Fig. 2. Ig.B(a) for
JFMA, the top plot for LPEF = 30% reveals two
prominent periodicities at 8.8 and 17.1 years andller
but significant periodicities at 5.02, 2.14 and&ars
(QBO, Quasi-biennial oscillation 2-3 years). At LIPE
40% and 50%, these periodicities are retained amnges
additional periodicities are revealed (7.5, 3.75363
years). In Fig. 3(b) for MJJA, the 8.6 year peraityi is
seen but the ~17 year periodicity is not seen.ehtst
periodicities are indicated at ~13 and ~29 yeaesjdes

the next section, but it may be remembered that@N&s

a strong periodicity in the 3-4 year region andnealéer
periodicity in the QBO region (Kane, 1998a). A
correlation between the streamflows and ENSO iratex
an annual basis for 1950-1999 (reliable ENSO datg) o
yielded values as given in Table 1. As can be seen,
correlations between streamflows and T-D are negats
expected (negative T-D indicates presence of Elodlifi
which are reported to be related to floods in Gutes)
and correlations between streamflows and SST iro Nin
3.4 region (BN -5 S, 120 - 170 W) are positive, but
these are not very large (less than 0.50), indigati
complications due to effects other than those c5EN

4. ENSO relationship
ENSO phenomenon is known to be related to rainfall

anomalies in various parts of the globe (Ropelewsshy
Halpert, 1987) and the anomalies are reported tavdie

~4.6, 3.7 years and QBOs. Fig. 3(c) for SOND showsdefined over South America (Aceituno, 1988). Foe th

~8.8, ~25 and ~3.5 year periodicities. Fig. 3(d)donual
values shows periodicities similar to Fig. 3(c)thwho

Parana river flow, positive anomalies (larger flpvese
associated with ENSO and precipitation in the Paran

trace of a 17 years periodicity. Thus, the ~17 yearriver drainage basin is reported to be in phasé wie

periodicity is in the JFMA (summer) streamflow only

normal annual precipitation cycle (Ropelewsky and

which does not have a ~27 year periodicity. The Halpert, 1987), thus causing disastrous floodsngdukl

relationship with individual ENSO events is illusied in

Nifio years.



372 MAUSAMS6, 2 (April 2005)

TABLE 1 strong. However, the peaks in SST anomalies did not

. . s always coincide with the peaks in streamflow andesal
Intercorrelations between Corrientes streamflows irvarious seasons

JFMA, MJJA, SOND, and the ENSO (EI Nifio/Southern Osillation) Often, there were phase lags or leads.
Indices, represented by Tahiti minus Darwin atmosphric pressure
difference (T-D) and the Nino 3.4 region SST. (v) The durations of SST anomalies and streamflow
(Standard errors 0.10 or less) anomalies were different. In general, the SST afiema

lasted longer.
1950-1999 JFMA MJJA SOND Annual T-D  SST

JEMA 1.00 (vi) Since SST anomaly is the cause and streamflow
anomaly the effect, the streamflow anomaly

- 000 100 commencements should occur simultaneously or #fter
SOND 0.48  0.68 1.00 SST anomaly commencements. In general, this was
Annual 079 090 084  1.00 observed.

P 030 032 -046 042 1.00 In the last 20 years, two giant El Nifio events
SST 025 028 050 040 -093 1.00 occurred, in 1982-83 and 1997-98. Fig. 5 showsspddt

the monthly values for 5 consecutive years, (a)1188,

(b) 1995-99. The SST positive anomalies are painted

black. The streamflow anomalies were obtained by
Fig. 4 shows a plot of the evolution of ENSO and Subtracting the climatological values from the attu

Parana streamflow at Corrientes for 3 consecutearg;,  values. Positive anomalies are shown hatched. The

in which the middle year is an EI Nifio year (Quetral, ~ following may be noted :

1987). As a representation of ENSO, the Pacific SST ) - )

anomalies (Wright, 1984, central and eastern eujaht _(|) In_ Fig. 5(a), the SST positive anomalies commdr_wce

Pacific SST) were used for 1904-1950, and thereafie N April (A) of 1982. The streamflow started shogin

SST values for Nifio region 3.4%(Bl - 5 S, 120 - 170 f!uctua_tlons ear!ler, in January 1982, bl_Jt theseeveenall

W) were used, obtained from the website of the &fém till April. The thick line represents moving aveesgover

Prediction Center (CPC) of NOAA, Camp Springs MD 3 consecutive monthly values and indicates that a
USA. For SST, the positive anomalies are shadeckbla Substantial streamflow increase started only akfay

and for streamflow, the positive anomalies are show 1982 and peaked in July 1983, 7 months after thé SS

hatched. For some events (1918, 1940), there vee &S peak in January 1983. The SST anomaly terminated in
data. It may be noted that: August 1983, but the streamflow anomaly continueedef

months more (until February 1984).

(i) In most of the cases, the SST positive anomalies, . . .
(painted black) match with the streamflow positive (1) In Fig. 5(b), the positive SST anomalies commeince

anomalies (shown hatched). Thus, on the whole, thel® APril (A) of 1997. Here again, the streamflowdha
association of El Nifios with flooding in Paranéeris  Small positive anomalies in January-February 180w

good. In general, larger the SST anomaly, largethés months earlier. The 3-month moving average (thiok)l
flooding. still shows positive anomalies in January 1997.sThhis

pre-increase [seen even in Fig. 5(a)] may not belom
(i) There are a few glaring exceptions. In the Eld\afi ~ @nd may have some physical significance. Though the
1951 (event e), the streamflow anomaly was absemt ( SST anomalies in 1997 were substantial 129 almost
flooding). In the El Nifio of 1957 (event f) and 708 the same as in 1982) and peaked in November 1867, t

(event j), the streamflow anomalies were ratherlisma streamflow anomalies in Fig. 5(b) had a smallerkpea
(125%) in this event as compared to the peak (21i0%)

(i) The 1988-1993 interval had some strange Fig- 5(@) and showed a distinct oscillatory behalasting
occurrences. In 1989-1990 (event k), SST positive UP (0 December 1998, 7 months after the terminasion
anomalies were absent, but streamflow positive afiess e SST anomaly in May 1998. Thus, the EI Nifio aiffe
were large, particularly in 1990. In 1992-93 (evBnSST in the_se two events were different, both qualitiivand
positive anomalies were substantial in both 199d an duantitatively.

1992, but streamflow positive anomalies were suristia

only in 1992. 5. Conclusions and discussion

(iv) Streamflow positive anomalies were seen in all (a) A spectral analysis of the series of the stfamof
seasons (not just JFMA), whenever SST anomalieg wer Parana river (South America) as recorded at Cdesen
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(27° S, 56 W) indicated thatif All seasons had a transport by the low-level jet along the easteopeb of
significant periodicity of ~8.5 years;i) Additionally, the Andes. The origin of a 26-29 year cycle (seely
JFMA had significant periodicities at ~17, ~5, ~&iid the May-December months, not in January-April) seed
~2.8 (QBO) years, MJJA had ~29, ~13, ~4.7, ~3.74~2 further exploration. The periodicities in the ~3ygar
and ~2.1 (QBO) years, while SOND had ~27 and ~3.4region and the 2-3 year (QBO) region are reflestiohan
years (no QBO). average ENSO effect.

(b) During El Nifio years,iY In a majority of cases,

positive SST anomalies in central and eastern ieaéf Acknowledgements
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the cases of the two giant El Nifios of 1982-83 h9d7-

98 when SST anomalies commenced in April 1982 and

April 1997, the streamflow anomalies were slightly

positive a few months earlier (January of 1982 29@7). References

This could be a random variation but could alsals®ort

of pre-cursor effect. The streamflow anomalies Aceituno, P., 1988, “On the functioning of the Smrm Oscillation in
disappeared with a few months delay after the the South American sector”, Part | : Surface cleniston. Wea.
disappearance of SST anomalies;) (Generally, larger Rev, 116, 505-524.

the SST anomalies, larger were the _nver flow arl@sa Bevington, P. R., 1969, “Data reduction and erromlgsis for the
However, whereas the SST anomalies were of the same physical sciences”, McGraw-Hill, New York, 164-176.

peak magnitude (2?9 C) in 1982 and 1997, the

streamflow anomalies were much larger, (210%) iB3L9 Depetris, P. J., Kempe, S., Latif, M. and Mook, &/, 1996, “ENSO-
as compared to (125%) in 1997. Also, the rise atidof controlled flooding in the Parand river (1904-1991)
the streamflow anomalies was oscillatory (much newe Naturwissenshafte®3, 127-129.

in 1997-98 as compared to 1982-83), with peak s{oar Kane, R. P., 1998a, “Spectral comparison of ENS@ stnatospheric

of ~5 months; i) In very few cases, streamflow positive zonal winds” Int. J. Climatol. 18, 1195-1208.

anomalies occurred without the presence of SSTtipesi

anomalies. Kane, R. P., 1998b, “Quasi-biennial and quasi-tiahoscillations in
the rainfall of northeast BrazilRev. Brasileira de Geofisica
16, 37-52.

The r.]ear_de(?adal CyCle of ~8._9 years is reported toMehta, V. M., 1998, “Variability of the tropical ean surface
be associated with SST anomalies over the northern temperatures at decadal-multidecadal timescalest, I>. The
tropical Atlantic (Robertson and Mechoso, 1998). Atlantic Ocean,). Climate 11, 2351-2375.

However, this is in contradiction with the spectrahblysis

of the North and South Atlantic SST indices (Kane, Quinn, W. H., Neal, V. T. and Antunes de MayoloES.1987, “El Nino

1998b), where for data for 1964-90 (obtained from occurrences over the past four and a half centude§seophys.
i . N Res, 92, 14449-14461.

Servain, 1991), North Atlantic SST (28l - 5° N) showed

a pe”Od'C|ty of 10.9 years .an.d .the South-AtlarBig T Robertson, A. W. and Mechoso, C. R., 1998, “Intetet and decadal

(5° N - 20 S) showed a periodicity of 13.9 years. Mehta cycles in river flows of southeastern South Ametica

(1998) reported a distinct decadal time scale ofl32 J. Climate 11, 2570-2581.

years of SST variations in the tropical South Alilgrbut )

no distinct decadal timescale in the tropical North Robertson. A. W. and Mechoso, C. R. 2000, ‘Intaca and
. . L interdecadal variability of the South Atlantic cengence

Atlantic. Thus, the origin of the ~8.5 year peritit zone”. Mon. Wea. Revi128 2947-2957.

observed in the Parana streamflow remains obséuté-

18 year cycle was seen in the north-south diffexenc Robertson, A. W., Mechoso, C. R. and Garcia, 02801, “Interannual

between streamflows of the Uruguay and Negro rivers prediction of the Parana riverGeophys. Res. Let28, 4235-

the south, and the Parana and Paraguay rivers tootth 4238.

(Robertson and Mechoso, 2000). An association WaSRopeIewski C. F. and Halpert, M. S., 1987, “Glohadl regional scale

SUQQG_Sted with changes in the intensity of the ISOUt preéipitation patterns, assoé:iated’ with  El Nino/Seut

American summer monsoon and the southward moisture Oscillation”, Mon. Wea. Rev115, 1606-1626.



374 MAUSAMS, 2 (April 2005)

Servain, J., 1991, “Simple climatic indices for ttrepical Atlantic Vautard, R. and Ghil, M., 1989, “Singular spectramalysis in non-
Ocean and some applicationg)’, Geophys. Res96, 15137- linear dynamics with applications to paleoclimdtine series”,
15146. Physica D, 58, 95-126.

Ulrych, T. J. and Bishop, T. N., 1975, “Maximum rmy spectral . . . . -
analysis and autoregressive decompositiet®y. Geophys13, Wright, P. B., _19?4, Relationship between indicasthe Southern
183-200. Oscillation”, Mon.Wea. Rey 112, 1913-1919.



