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SUMMARY

The Parana River has been increasing its annual flow during the last ~30 years. The relative contribution
of its major tributaries (i.e., the upper Parana and Paraguay rivers) is uneven in as much as the Paraguay is
increasing its annual discharge at a higher pace than the upper Parana does. Contrastingly, the upper
Parana has been increasing significantly its flow during the second half of the year (i.e., historical low
water period) whereas the Paraguay River has been amplifying its flow throughout the hydrological year.
The variability of & %0 measured in the Parana River middle reach tends to follow Paraguay’s relative
contribution to Parand’s total discharge. A simple model built on the basis of the mean & %0 signature
of rainfall (Global Network of Isotopes in Precipitation) shows significant coherency with the relative
contribution time series during non-El Nifio periods but it is necessary to invert the mean isotopic values
in precipitation during the occurrence of a major ENSO event (i.e., assume that & 130 in upper Parani
River water becomes more negative than usual) to improve the resemblance to the observed variability.

Parand River
ENSO

Trend analysis
Spectral analysis
Flood sources
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Introduction

The teleconnection existing between ENSO occurrences in the
Equatorial Pacific Ocean and anomalous hydrological behavior over
a significant portion of South America has been the object of exten-
sive research for many years. The correlation found in the 1920s by
Sir Gilbert Walker’s group between surface pressure in Australia
and the Parana River discharge at Rosario, Argentina, is a good
example of such allegation (e.g., Bliss, 1928). During the last 20
years the knowledge on such teleconnection was significantly
broadened (e.g., Kousky et al., 1984; Ropelewski and Halpert,
1987; Depetris et al., 1996; Amarasekera et al., 1997; Robertson
and Mechoso, 1998; Boulanger et al., 2005; Garcia and Mechoso,
2005; Pasquini and Depetris, 2007) and more evidence was found
on the linkage between ENSO dynamics and the hydrology of the
Rio de la Plata drainage basin (i.e., the added drainage basin areas
of the Parana and the Uruguay rivers).

In 1982-1983, the Southern Oscillation Index (SOI) - one of the
most widely used indicators to assess ENSO’s strength — dropped
down to —3.46 in February 1983. Such markedly negative index
signified a robust El Nifio event, which in turn determined a record
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discharge of over 60,000 m> s~ ! in June 1983, in the Parana River at
the Corrientes gagging station, about 1200 km upstream from
Parana’s mouth.

In earlier works we have evaluated discharge trends and ENSO-
linked flooding periodicities in the Parana and Uruguay drainage
basins (e.g., Depetris et al., 1996; Pasquini and Depetris, 2007). In
this occasion our primary objective is to analyze the relative water
contributions of Parand’s main upper tributaries, seeking to estab-
lish if they are increasing their historical water supply at a similar
rate. Preliminary data indicated that this may not be the case. Sec-
ondarily, we wish to examine the association between the men-
tioned relative discharge contributions and the response
triggered in stable isotopes determined in the Parand’s middle
course during strong ENSO episodes.

Study area

The Parana River (drainage area, ~2.8 x 10° km?) has widely
differing headwaters that sometimes exhibit contrasting dynam-
ics: from Andean sources close to South America’s Pacific active
margin, in the Pilcomayo and Bermejo upper catchments
(~65°W), to the tropical headwaters placed at the Serra dos Pren-
eos (~45°W), close to the Atlantic passive margin. With headwa-
ters at the Gran Pantanal (one of the largest wetlands in the
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Fig. 1. Subset of South America’s mean isotopic distribution map (Aggarwal et al., 2007) depicting the Rio de la Plata drainage basin (~3.1 x 10® km?). & 180 (%) areas in the
map are long-term precipitation annual averages from IAEA’s Global Network of Isotope in Precipitation (GNIP), where the map is available (http://nds121.iaea.org). Inset
shows historical monthly mean discharge in the Parand River (at Corrientes) and Paraguay River (at Puerto Bermejo). Hydrological data was supplied by Argentina’s
Subsecretaria de Recursos Hidricos. Capitals and cities of South American countries are included as geographical references.

world, at ~15°S and ~55-60°W, Fig. 1) that exerts a discernible
modulating effect (Junk and Nunes de Cunha, 2005), the Paraguay
River runs with a N-S direction, joining the Parana River at Cor-
rientes, which continues southward bound in a middle and lower
course that splits the Parana drainage in two uneven halves (Pas-
quini and Depetris, 2007).

The Parand River is the main contributor to the riverine water
budget of the Rio de la Plata drainage basin (Fig. 1). On the average,
it currently delivers ~530 km® of water per year to the Rio de la
Plata estuary, of which ~73% is supplied by Parana’s upper catch-
ments (i.e., including the Iguact River), ~20% by the Paraguay Riv-
er and nearly 7%, jointly by the rivers draining South America’s
mountainous backbone (i.e., Bermejo, Pilcomayo, and Salado riv-
ers) (e.g., Pasquini and Depetris, 2007). These relative contributions
are, however, mean annual approximations, and the year-to-year
hydrological functioning is quite variable, particularly when the
system is subjected to anomalous episodes, like the ENSO. During
El Nifio-triggered flooding — which in the Parand River normally oc-
curs in phase with the annual high water period - the upper trib-

utaries do not supply a constant relative flow contribution to the
river’s main stem. The ENSO also has a limited impact on the coast-
al zone. Worth mentioning is the fact that, during El Nifio events,
the Rio de la Plata does not produce an anomalous northeastward
plume extension in the Atlantic Ocean - as would be expected in a
large outflow event - but spreads offshore instead (Piola et al.,
2005).

The summer circulation over South America is dominated by a
monsoonal system, whose major seasonal feature is the South
Atlantic Convergence Zone (SACZ), placed along the north-eastern
boundary of the Rio de la Plata drainage basin (e.g., Robertson and
Mechoso, 2000). Another significant feature in the regional climatic
control is a low-level northerly/northeasterly jet that flows east of
the Andes, and transports moisture along the corridor placed be-
tween the Andes and the Brazilian altiplano (e.g., Wang and Fu,
2004). As a consequence of these continental climatic features,
the mean annual rainfall is unevenly distributed over the Parana
River drainage basin. Maximum recorded precipitation
(2400 mm y 1) occurs along the eastern edge of the basin and over
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the Iguacu drainage basin. Rainfall decreases (400-800 mmy ')
towards the western edge of the basin, along the 60-65°W strip.
In general, runoff mimics rainfall distribution, with high values
along the basin’s NE corner (700-800 mm y~!) and in the Bermejo
and Pilcomayo upper catchments (~500mmy~'). Along the
Parana upper and middle course, mean runoff is ~300 mmy~'.

Human activities affect river flow in many ways: directly,
through dams or, indirectly, through the use of the land. Built to
foster development, the upper Parana River, for example, has in
operation about 130 reservoir dams (dam height >10 m), of which
14 are considered “major dams” (dam height >150 m) (Ravenga
et al,, 1998) that modulate its discharge and sequestrate sedi-
ments. Neither the Paraguay nor its tributaries have major dams
in their respective headwaters.

Data and methods

Hydrological data were obtained from Argentina’s Subsecretaria
de Recursos Hidricos, which performs the quality control and
maintains the available hydrological information in the public do-
main (www.hidricosargentina.gov.ar). Table 1 shows the geo-
graphic location of the used hydrological stations, including the
length of the discharge records. The & '80 series was reported else-
where (Depetris et al., 1996). It consists of 45 determinations (Ta-
ble 2) (analytical uncertainties of +0.1%.) performed in samples
collected between March 1981 and November 1984 at the city of
Parana (described as Santa Fé in Depetris et al., 1996), located
about 600 km upstream from the mouth.

To assess the significance of trends in annual river discharge, we
have employed the Mann-Kendall test - also known as Kendall’s
tau - (Mann, 1945; Kendall, 1975), based on Sen’s non-parametric
method, which is used to estimate the true slope of an existing
trend such as flow change per unit time period (in this case a year).
Hence, Sen’s estimator of slope is the median of N values of the
examined variable (http://pubs.usgs.gov/twri/twri4a3/).

The seasonal Kendall test (Hirsch et al., 1982) was used to
examine monthly trends. Both - the Mann-Kendall and the sea-
sonal Kendall tests - are non-parametric tools used to detect
monotone trends in time series (e.g., Burn and Hag Elnur, 2002;
Yue et al.,, 2002). On the other hand, the seasonal Kendall test
has been identified as one of the most robust techniques available
to detect and estimate linear trends in environmental data (Hess
et al,, 2001). To investigate periodic behavior in the Paraguay/
Parana discharge ratio, we have used the Fourier spectral analysis.
As it is widely known, this method uses sine and cosine base func-
tions and reveals in a signal what spectral component is present
(Lau and Weng, 1995).

Results and discussion
Analysis of water sources

In earlier works (Pasquini and Depetris, 2007; Depetris and Pas-
quini, 2008) we have shown by statistical means, that water dis-
charges of most of Parand’s headwaters (i.e., the upper Parana
and the Paraguay) have been increasing significantly during the
last 20-30 years. Interestingly, the seasonal Kendall test showed

Table 2
Sampling date, data used in the isotopic model, and measured and modeled 5'%0 in
Parana River. Shaded area indicates the ENSO period (see text for explanation).

Sample date SOl 3 B0pyy® 8 0pac® 8 80° 5180
(d.m.y)

18.03.81 —2.01 =7 -4 —4.60 —513
08.04.81 —0.60 =7 -4 —-4.42 ~5.26
10.06.81 1.28 -5 -3 ~3.70 -3.75
24.06.81 1.28 -5 -3 —4.03 —3.73
15.07.81 0.87 -5 =3 —415 -3.76
18.08.81 0.40 -5 -3 ~415 -3.68
02.09.81 0.52 -5 -3 —414 -3.71
16.09.81 0.52 -5 -3 ~3.92 —3.69
02.10.81 —-0.71 -5 =3 —3.86 -3.63
19.10.81 —-0.71 =5 -3 -3.58 —3.49
03.11.81 0.07 -5 -3 -3.71 —3.44
18.11.81 0.07 =7 -4 —3.88 -3.36
30.11.81 0.07 =7 -4 -3.70 —3.40
22.12.81 0.41 -7 -4 —514 —4.54
11.01.82 0.87 =7 -4 —5.25 —455
26.01.82 0.87 =7 -4 -4.78 ~4.63
24.03.82 0.05 =7 —4 ~5.94 ~457
06.04.82 —0.46 -3 -6 ~6.76 —5.48
23.04.82 —0.46 -3 -6 —6.81 —5.23
26.05.82 —0.74 =3 -6 —6.42 —5.09
23.06.82 -2.49 -3 -6 -6.13 ~5.26
14.07.82 -1.89 -3 -6 ~5.63 —5.31
06.08.82 —2.66 =3 -6 —5.11 —5.11
25.08.82 -2.66 -3 -6 —514 —5.00
22.09.82 212 -3 -6 -4.88 ~4.84
27.10.82 —2.20 =8 -6 —-3.71 —4.26
24.11.82 —-3.25 -3 -6 —419 —5.41
15.12.82 —2.48 -3 -6 —4.83 —5.43
28.12.82 —248 -3 -6 —-4.71 —5.36
03.02.83 —3.46 -3 -6 ~4.93 —5.42
23.02.83 —3.46 =3 -6 —5.00 —5.53
11.03.83 —-3.25 -3 -6 —5.30 —5.55
14.04.83 141 -3 -6 —5.53 -5.36
03.05.83 0.79 -3 -6 —5.20 —5.49
03.06.83 -0.58 -3 -6 —5.06 -5.38
23.08.83 -0.37 -5 -3 -3.81 —3.54
21.09.83 0.91 -5 -3 353 —3.48
26.10.83 0.34 -5 =3 ~3.63 ~3.32
06.12.83 —-0417 =7 -4 —-4.30 —4.54
15.02.84 0.43 -7 -4 ~5.28 —4.47
06.04.84 0.39 =7 -4 —5.50 —4.381
30.05.84 -0.03 =7 -4 —5.04 -5.10
01.08.84 0.10 -5 -3 —411 ~3.65
25.09.84 017 -5 -3 —-3.77 —3.49
29.11.84 0.12 -5 =3 —3.80 —3.56

“See text for explanation.
PRiver water values measured in Parand R (analytical uncertainties of +0.1%o).
‘River water values modeled in Parana R.

that flow increase was mostly accounted for by low discharge
months (i.e., austral winter months for the Parana) (Pasquini and
Depetris, 2007).

Now, we decided to compare the discharge of both, the upper
Parand and the Paraguay at their meeting point, near the Argentine
city of Corrientes (Fig. 1). In order to do this, we used the nearly
100-year long time series (1910-1998) built with the ratio Qym-
pay/Qym-parc Where Qym.pay is the annual mean discharge of the Par-

Table 1

Name, location and record period of studied hydrological stations (see geographical location in Fig. 1).
River Gage station Latitude (S) Longitude (W) Record period No. of years No. of data®
Paraguay Puerto Bermejo 26°56’ 58°30/ 1910-1998 88.5 1051
Parana Posadas 27°27' 55°48' 1901-2000 99.5 1197
Parana Corrientes 27°28' 58°50 1904-2003 99.5 1196

¢ Monthly mean discharge data.
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aguay River at Puerto Bermejo, and Qym-parc is the mean annual dis-
charge of the Parana at Corrientes. The Mann-Kendall test (Mann,
1945) of this series (Fig. 2a) clearly shows a significant positive
slope (Sen’s slope 5.6 x 1074 m> s~ per year, p < 0.01).

We chose, then, to look at the other branch, the one formed by
the upper Parana before joining the Paraguay River. Similarly, we
defined the nearly 100-year long time series (i.e., the same length
as the one examined previously) built with the ratio Qym-parp/Qym-
parc Where Qym_parp is the annual mean discharge of the Parana Riv-
er at Posadas. Fig. 2b shows the Mann-Kendall test for the above
discharge ratio. In this case, Sen’s slope (4.3 x 10~* m® s~ per year,
p<0.1) is less steep and has a lower significance level, which
means that, in relative terms, the flow rate in the Paraguay is actu-
ally increasing faster than the one recorded in the upper Parana. It
is interesting to mention that if we extend the length of the latter
series (i.e., 1904-2000), Sen’s slope is not statistically significant.

Fig. 2c shows the results of the seasonal Kendall analysis (Ken-
dall, 1975) of Parana and Paraguay rivers monthly mean discharge
time series. While the Paraguay River maintains significantly
increasing discharges throughout the year, the Parana at Corrientes

0.40 -

0.30 -

only shows a significant increase during the second half of the year,
(i.e., June-December), for the period of low and intermediate flow
months (i.e., austral winter and spring). More detail is obtained
when Paraguay’s and upper Parand’s relative discharge contribu-
tions are defined in terms of monthly mean discharges (Fig. 2c).
In this case we used similar ratio series instead, as they were de-
fined above: Qum-ray/Qmm-parc aNd Qmm-parp/Qmm-parc, Where Qumm.
pay is the deseasonalized monthly mean discharge of the Paraguay
at Puerto Bermejo, Qum.parc is the equivalent series for the Parana
River at Corrientes, and Qum-parp is the same for the Parana River at
Posadas. The seasonal Kendall analysis of such series (Fig. 2c)
shows that the relative contribution of the Paraguay is amplified
significantly in the first half of the year, during its increasing flow
stage (i.e., January-May, Fig. 1, inset). On the other hand, the
Parand’s relative contribution is statistically significant between
May and August, during the period of decreasing flow (Fig 1, inset).

It remains for further analysis if the observed upper Parana’s
relative contribution to the total riverine flow is somehow linked
to human-made influence, like the proliferation of dams observa-
ble upstream from its encounter with the Paraguay River.
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In view that the relative contribution of the Paraguay River is
increasing at a higher rate than the upper Parana River does, we
decided to analyze the periodic behavior of this contribution (i.e.,
Paraguay River monthly relative contribution series, Qmm-pay/
Qmm-parc)- To do this, we used spectral analysis (Fourier power
spectrum). Fig. 3a shows the periodogram of the analyzed series,
which exhibits several significant peaks with inter-annual frequen-
cies that are compatible with ENSO periodicity. To complete our
analysis, we sought out the coherence between the Paraguay River
monthly relative contribution series (i.e., Qmm-pay/ Qmm-rarc) and the
SOI (Fig. 3b), which reveals statistically significant squared coher-
encies in the inter-annual ENSO frequency range.

The isotopic signature

The International Atomic Energy Agency (IAEA) and the World
Meteorological Organization (WMO) have operated the Global Net-
work of Isotopes in Precipitation (GNIP) for over 45 years (Aggar-

A.L Pasquini, PJ. Depetris/Journal of Hydrology 383 (2010) 186-193

network and the study of Andean ice cores indicate that § %0 in
rainfall is significantly affected by the ENSO over a considerable
portion of South America (Hoffmann, 2003; Vuille et al,
2003a,b). In a recent contribution, Vuille and Werner (2005) ana-
lyzed the coupled influence of ENSO phenomena and the South
American Summer Monsoon (SASM) over the & '80 signature in
rainfall. Observational data collected through GNIP and the appli-
cation of Atmospheric General Circulation Models (AGCMs) show
that intense monsoon seasons result in more depleted, lighter iso-
topic values in the rainfall falling over the Amazon River drainage
basin, SE of South America and the central Andes. The phenome-
non, frequently observed in tropical regions, is consistent with
the “amount effect” (i.e., rainwater becomes more depleted in hea-
vy stable isotopes as precipitation progresses). However, when the
SASM signal is decomposed into the fraction of variance that is ex-
plained by ENSO and the residual monsoon component, the corre-
lation between & 80 signature in precipitation and the El Nifio 3.4
index is almost the opposite compared to the correlation with the

wal et al., 2007). The support supplied by such observational SASM in most of South America. (Vuille and Werner, 2005). Hence,
-3
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Fig. 3. (a) Filtered Fourier power spectrum of the Qmm-pay/Qmm-parc S€ries; an autoregressive coefficient (i.e., the spectrum is produced by autoregressive modeling rather than
a transform) of 0.99 was used to model red noise critical limits (i.e., noise power decreases with increasing frequency); Critical limits (significance levels (SL) are indicated in
each case) were used to determine the statistical significance of the largest peaks in the power spectrum. See text for additional explanations; (b) squared coherence of
Qmm-ray/Qmm-rarc series and the Southern Oscillation Index (SOI). Note the significant squared coherence (p < 0.05) at El Nifio return periods.
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during El Nifio years, 8 30 in precipitation falling over Paraguay’s
headwaters is heavier in isotopic terms. Over the southeastern part
of the continent (i.e., the Parana River upper basin), however, pre-
dominates the lighter signal of the residual monsoon component
(Vuille and Werner, 2005).

Panarello and Dapeifia (2009) published a relatively long series
(10 years) of monthly & 80 and & 2H determinations measured at
the lower Parana River, near the city of Buenos Aires. They failed
to obtain a significant correlation between the stable isotopes mea-
sured in river water and ENSO indices. They found, however, a
coherent relationship between the global-SST ENSO index and
the so-called “deuterium excess”, defined by Dansgaard (1964) as
d = 8%H - 8 §'80. The deuterium excess can be used to identify va-
por source regions; humidity relative to saturation at sea surface
temperature and wind speed are the major controlling factors.
When the source conditions of the water vapor change as during
El Nifio events, d is larger (Gat, 2005). The higher diffusivity for
2H'H'%0 as related to 'H'H'®0 results in a higher d. Panarello
and Dapeifia (2009) also argued that during El Nifio events, more
recycled water vapor from the Amazon basin may be trapped
and transported southward. Such vapor is considerably enriched
in & 2H, thus determining the observed higher d values during
the 1997-1998 El Nifio event (Panarello and Dapefia, 2009).

By using the map published by Aggarwal et al. (2007), which is
also available in the GNIP web site, we prepared a map restricted to
the Rio de la Plata drainage basin (Fig. 1), which includes the mean
distribution of long-term annual average of & 80 (%o) in precipita-
tion. Fig. 1 shows that, on the average, rainfall heavier in isotopic
terms, falls over the NE corner of the Rio de la Plata drainage
(i.e., the Parand headwaters). In Paraguay’s upper catchments,
and further towards the Andean range, the long-term annual aver-
age of 5 '80 in rainfall becomes more negative.

In order to contribute to an improved understanding of the
dynamics of stable isotopes in the ENSO-affected Parana River,
we employed a series of 5 30 values reported in an earlier publi-
cation (Depetris et al., 1996). The isotopic series was plotted along
with the series built with the Qym-pay/Qdm-parc ratio, where Qqm-pay
is the daily discharge measured at Puerto Bermejo, in the Paraguay
River, and Qgm_parc iS the equivalent gage reading measured in the
Parana River at Corrientes (Fig. 4a). Hence, the series shows the rel-
ative contribution of the Paraguay River to the middle or lower
Parana reaches (Fig. 4a). Its inspection shows that, after the onset
of the 1982-1983 El Nifio-triggered flood, the Paraguay River rela-
tive contribution to the middle and lower Parand discharge
reached almost 60%. This is caused not only by Paraguay’s dis-
charge increase but also by a synchronous discharge decrease in
the Parana (Fig. 4b).

There is a discernible coherency between both series, Qqm-pay/
Qam-parc and the measured & 180, (Fig. 4a) that increases noticeably
if one displaces one series with respect to the other in order to ac-
count for the water time-of-travel between rainfall at the headwa-
ters and the Parand gage site (about 600 km upstream from
Parand’s mouth), where the stable isotopes were measured. Such
water transit time was estimated by Panarello and Dapefia
(2009) in roughly 90 days. Fig. 4a suggests that & '80 signal in
the middle and lower Parand stretch is basically controlled by
the relative contribution of both, the Paraguay and Parana River
water, even during a very strong ENSO event, such as the one ob-
served in 1982-1983.

To test our assumptions we built a very simple mixing model
with a mass-balance equation: & 80} = (Qqm-pay/Qam-parc)i & 'ZOpay
+(1 = (Qam-pay/Qam-parc)i  Oparc), where & 80 (in %o) is the mod-
eled concentration for the Parana River water at Parana for the ith
day; (Qdm-pay/Qdm-parc)i is the already defined Paraguay/Parana dis-
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Fig. 4. (a) Qum-pay/Qam-rarc ratio series (not deseasonalized) plotted along with measured (in the Parana River, at Parand, 600 km upstream the mouth) and modeled & 180; (b)
Qam-pay (not deseasonalized) (at Puerto Bermejo) and Qum-parc (not deseasonalized) (at Corrientes) discharge series plotted along with the Southern Oscillation Index (SOI);
note the beginning (~April 1982) and the end (~April 1983) of the 1982-1983 El Niiio event. High discharges at the Parana and Paraguay rivers persist several months after

the ending of the ENSO event in the Pacific Ocean.
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charge ratio for the ith day; 5 "®0p,y and & '®0py,c are the stable iso-
tope values in rainfall falling over the Paraguay and the Parana
drainage basins, respectively, obtained from the mean isotopic
data plotted on the GNIP map (Aggarwal et al., 2007). To assign
the corresponding stable isotope values (i.e., 8 ®0pay and & '80payc),
we followed the subsequent rationale: (i) we used the long-term
annual isotopic signature corresponding to each headwater, as de-
picted in Fig. 1; (ii) the values assigned to & '®0p,, and & '®0p,,¢ var-
ied somewhat according to seasonality; values for summer where
lighter in isotopic terms than those used for winter, following the
published GNIP records for South America; and (iii) the values for §
180p,ay and 3 '80p,c during the 1982-1983 ENSO event were in-
verted, according with the findings published by Vuille and Werner
(2005), already mentioned above. Therefore, 5 '®0p,, mean value
was assumed to be —7 and & '®0p,,c mean was —4 for the period
December-May, and -5 and -3, respectively, were the means for
the period June-November. For the El Nifio event period (i.e., since
April 1982 until June 1983, to account for the lag between ENSO
and high discharges), the mean values were inverted and & '80p,y,
was —3 and & '®0p,c was —6, thus following the findings of Vuille
and Werner (2005).

Table 2 shows the data employed for the model and the result-
ing isotopic series. The inversion in the precipitation isotopic val-
ues alluded above is discernible in the shaded area of the table: §
180p,c are assumed as more negative than 3 '®0p,y, during the
ENSO period. In the same table, seasonal changes in isotopic com-
position are indicated by horizontal separating lines.

Note that there is a reasonable linear correlation (r=0.76,
N=45, p<0.05) between measured and modeled & '80. Upon
inspection, it is also noticeable that the correlation coefficient
slightly improves (r=0.79, N=27, p<0.05) during non-El Nifio
periods. Although the model reproduces well the observed isotopic
features for most periods, it clearly fails to mimic other features
like the pronounced isotopic depletion in Paranad’s water observed
at the onset of the 1982 ENSO event. We assume that this phenom-
enon may be attributable to atmospheric disturbances that altered
temporarily the sources of water vapor at the ENSO onset, which
our simple model could not reproduce.

Conclusions

Both, the upper Parand and the Paraguay rivers have been
increasing their respective discharges during the last decades
(e.g., Pasquini and Depetris, 2007; Depetris and Pasquini, 2008).
Our current analysis indicates, however, that the Paraguay is
increasing its flow at a faster pace than the upper Parana does, ris-
ing significantly its water contribution to the middle and lower
Parana River discharge. Moreover, although the Parana is increas-
ing significantly its discharge in the second half of the year, the
seasonal Kendall (Qmm-ray/Qmm-rarc) clearly shows that Paraguay’s
relative contribution to the overall flow is distinctly discernible
during the first half of the year. Now, is such increased flow some-
how linked to El Nifio occurrences? The answer to this question ap-
pears affirmative because the harmonic analysis of the Qmm-pay/
Qmm-parc Tatio series shows significant coherence peaks in the ENSO
inter-annual frequency range (i.e., 3.7 and 2.6 years).

The stable isotopic signature of the middle and lower Parana
River water (& '80) seems to be considerably tied to the relative
contribution of each individual headwater, namely, the upper
Parand and the Paraguay drainage basins. Each river basically
delivers water which carries the mean isotopic signal of rainfall
determined through GNIP, particularly so during non-El Nifio peri-
ods. In contrast, during El Nifio condition, each river seems to stop
carrying the GNIP-determined mean isotopic signal, which in such
occasions appears to be reversed. Hence, the Parana delivers a § 120

signal that is isotopically lighter and the Paraguay, one that is hea-
vier than usual. A simple mass balance model built following the
mentioned reasoning roughly explains 76% of the total variance
(79% during non-ENSO periods), thus suggesting that local variabil-
ity (e.g., evapotranspiration in the flood plain and active water ex-
change with the main channel) also plays a significant role in
defining the final isotopic signature that ultimately reaches the
Atlantic Ocean. Hence, we feel that our simple model using stable
isotopes determined in river water reinforces the notion proposed
by Vuille and Werner (2005) which used GNIP data and the high-
resolution version of the ECHAM-4 stable isotope model (Hoff-
mann et al., 1998) to asses the relationship between continental
circulation patterns and stable isotopic signature in rainfall.

Acknowledgments

This research was funded by Argentina’s Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), through Grant
PIP 5947 and by Argentina’s Agencia Nacional de Promocién Cienti-
fica y Tecnolégica (ANPCYT), through Grant PICT 25594.

References

Aggarwal, P.K., Alduchov, O., Araguas Araguads, L., Dogramaci, S., Katzlberger, G., Kriz,
K., Kulkarni, K.M., Kurittas, T., Newman, B.D., Pucher, A., 2007. New capabilities
for studies using isotopes in water cycle. EOS Transactions, American
Geophysical Union 88, 537-538.

Amarasekera, K.N., Lee, R.F., Williams, E.R., Eltahir, E.A.B., 1997. ENSO and the
natural variability in the flow of tropical rivers. Journal of Hydrology 200, 24-
39.

Bliss, E.W., 1928. Correlations of world weather and a formula for forecasting the
height of the Parana River. Memoirs of the Royal Meteorological Society II (14),
39-45.

Boulanger, J.P., Leloup, J., Penalba, O., Rusticucci, M., Lafon, F., Vargas, W., 2005.
Observed precipitation in the Parand-Plata hydrological basin: long-term
trends, extreme conditions and ENSO teleconnections. Climate Dynamics 24,
393-413.

Burn, D.H., Hag Elnur, M.A., 2002. Detection of hydrologic trends and variability.
Journal of Hydrology 255, 107-122.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436-468.

Depetris, P.J., Pasquini, A.I., 2008. Riverine flow and lake level variability in Southern
South America. EOS Transactions, American Geophysical Union 89, 254-255.

Depetris, P.J., Kempe, S., Latif, M., Mook, W.G., 1996. ENSO-controlled flooding in the
Parana River (1904-1991). Naturwissenschaften 83, 127-129.

Garcia, N.O., Mechoso, C.R.,, 2005. Variability in the discharge of South American
rivers and in climate. Hydrological Sciences Journal 50, 459-477.

Gat, J.R., 2005. Some classical concepts of isotope hydrology. In: Aggarwal, P.K. et al.
(Eds.), Isotopes in the Water Cycle. Past, Present and Future of a Developing
Science. Springer, Dordrecht, pp. 127-137.

Hess, A., lyer, H., Malm, W., 2001. Linear trend analysis: a comparison of methods.
Atmospheric Environment 35, 5211-5222.

Hirsch, R.M,, Slack, J.R., Smith, R.A., 1982. Techniques of trend analysis for monthly
water quality data. Water Resources 20, 107-121.

Hoffmann, G., 2003. Taking the pulse of the tropical water cycle. Science 301, 776-
777.

Hoffmann, G., Werner, M., Heimann, M., 1998. Water isotope module of the
ECHAM-4 atmospheric general circulation model: a study on timescale from
days to several years. Journal of Geophysical Research 103, 16871-16896.

Junk, W], Nunes de Cunha, C., 2005. Pantanal: a large South American wetland at a
crossroads. Ecological Engineering 24, 391-401.

Kendall, M.G., 1975. Rank Correlation Methods. Griffin, London. 202 p.

Kousky, V.E., Kayano, M.T., Cavalcanti, LF.A., 1984. A review of the southern
oscillation: oceanic-atmospheric circulation changes and related rainfall
anomalies. Tellus 36A, 490-504.

Lau, K.-M., Weng, H.-Y., 1995. Climate signal detection using wavelet transform:
how to make a time series sing. Bulletin of the American Meteorological Society
76, 2391-2404.

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13, 245-259.

Panarello, H.O., Dapefia, C., 2009. Large scale meteorological phenomena, ENSO and
ITCZ, define the Parana River isotope composition. Journal of Hydrology 365,
105-112.

Pasquini, A.L, Depetris, PJ., 2007. Discharge trends and flow dynamics of South
American rivers draining the southern Atlantic seaboard: an overview. Journal
of Hydrology 333, 385-399.

Piola, A.R., Matano, R.P., Palma, E.D., Méller Jr, O., Campos, E.].D., 2005. The influence
of the Plata River discharge on the western South Atlantic shelf. Geophysical
Research Letters 32, L01603. doi:10.1029/2004GL021638.



A.L Pasquini, PJ. Depetris/Journal of Hydrology 383 (2010) 186-193 193

Ravenga, C., Murray, S., Abramovitz, J.,, Hammond, A., 1998. Watersheds of the
World: Ecological Value and Vulnerability. World Resources Institute,
Washington, DC.

Robertson, A.W., Mechoso, C.R., 1998. Interannual and decadal cycles in river flows
of Southeastern South America. Journal of Climate 11, 2570-2581.

Robertson, A.W., Mechoso, C.R., 2000. Interannual and interdecadal variability of the
South Atlantic Convergence Zone. Journal of Climate 11, 2947-2957.

Ropelewski, C.H., Halpert, S., 1987. Global and regional scale precipitation patterns
associated with EN/southern oscillation. Monthly Weather Review 115, 1600-
1626.

Vuille, M., Werner, M., 2005. Stable isotopes in precipitation recording South
American summer monsoon and ENSO variability: observations and model
results. Climate Dynamics 25, 401-413.

Vuille, M., Bradley, R.S., Healy, R., Werner, M., Hardy, D.R., Thompson, L.G., Keimig,
F., 2003a. Modeling & '®0 in precipitation over the tropical Americas: 2.
Simulation of the stable isotope signal in Andean ice cores. Journal of
Geophysical Research 108 (D6), 4165. doi:10.1029/2001JD002039.

Vuille, M., Bradley, R.S., Werner, M., Healy, R., Keimig, F., 2003b. Modeling & '0 in
precipitation over the tropical Americas: 1. Interannual variability and climatic
controls. Journal of Geophysical Research 108 (D8), 8451. doi:10.1029/
2002JD002409.

Wang, H., Fu, R,, 2004. Influence of cross-Andes flow on the South American low-
level jet. Journal of Climate 17, 1247-1262.

Yue, S., Pilon, P., Cavadias, G., 2002. Power of the Mann-Kendall and Spearman’ rho
test to detecting monotonic trends in hydrological series. Journal of Hydrology
259, 254-271.



