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ABSTRACT. For four locations (Samuel? 8, 63 W; Balbina, 2 S, 53 W; Curua-Una, 13S, 54 W; Tucurui,
4° S, 50 W) in the Amazon, the river stream-flows (RSF) evaraximum during March, April and/or May and minimu
during September-October, while rainfalls in similazreas had maximum earlier, in January-March. &heere
considerable year-to-year fluctuations, not alwsigsilar at all the locations. An examination of tieo largest El Nifio
events (1982-83 and 1997-98) showed some effestsnag locations during intervals when the El Nifvese active, but
some effects were seen even outside these actergafs. Some RSFs showed relationship with Soulénfic SST. A
spectral analysis showed that ENSO indices had iperh periodicities at 7-9, ~6 years and QTO (Quéshnial
oscillation, 3-4 years) and not so prominent pécitids in the QBO (Quasi-biennial oscillation, 2t8ars). These were
only partially reflected in some RSFs. There israfication that some hydrological QBOs may be egldb stratospheric
wind QBO. Besides QBO and QTO, the RSFs had samifiperiodicities in 7-14 years range, ~22 yeats-b5 years.
Long-term trends (23-year running means) were ineal and showed oscillations of ~0.2%, grosslgidigar at the
different locations.

Key words — ENSO, QBO, QTO, Sea surface temperature, Decadialion.

1. Introduction examined the record of the stage of the Rio Nedro a
Manaus, which represented the runoff and ultimately

The Amazon basin plays a very prominent role in the climatic conditions over 3 x £0km? of the Andean and

South American region. The land-use patterns tlaeee  western Amazon watershed. A power spectrum anabfsis

changing rapidly (Richegt al., 1989) and may modify the the deseasoned values revealed a pronounced $pectra

convective rainfall regime and cause downstreamnmgés.  peak at 2.4 years. A cross-spectrum analysis WNB@&

in river flow and nutrient and sediment transp@hereas  indices suggested a coupling to the tropical Raclfmate

the precipitation may vary considerably from oneabm cycle.

region to another in the same basin, river disahasga

robust integrator of the long-term hydrological pedies In coastal Peru, heavy rainfall is considered asafn

of a drainage basin. For 1903-85, Richetyal (1989) the criteria for identifying an El Nifio (Quiret al, 1978,
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1987; Quinn, 1992). Recently, Kane (2000) showed th T
the rainfall characteristics at Huancayo (centriuRian o : -
Andes) were different from those of coastal Pern.tke
other hand, ENSO effects on rainfall in South Arcefére
reported to be mostly droughts in NE Brazil andessc
rains in the southern parts, including Chile (Quimd 0
Neal, 1983; Aceituno, 1988; Ropelewski and Halpert,
1987, 1989; Rutland and Fuenzalida, 1991; Pisciotéd
al., 1994, Diazt al, 1998; Grimnet al, 1998; Robertson
et al, 2001; Kane, 2002). For the Amazon basin, ‘
Matsuyama (1992) studied the seasonal cycle, while | /4
Eltahir and Bras (1994) examined the role of priézijon ,
cycling in the Amazon hydrological cycle. Marengo
(1992) mentioned that whereas northern Amazonia |
showed strong El Nifio signals, southern Amazénia [
seemed to be more independent of El Nifio, and athinf
anomalies in northern Amaz6nia were associated with
distinct circulation patterns in the tropical Attem Also, 36
ENSO effects may be different for different sizdstle i
basins. Marengo and Hastenrath (1993) presentegl cas
studies for the moderately wet year 1986 and the
extremely dry El Nifio year 1983 in northern Amazjni |
where differences in locations of inter-tropical
convergence zone (ITCZ), strength of subtropicaitesy I50°
jets (STWJ), and vertical motions and convectioardtie

Bolivia

Amazon basin were noticed. Zeng (1999) made an'—= =20 160 — 150 140W
analysis of the Amazon basin hydrological cyclengsi ~ Fi9- 1. g":‘ngu‘éfl ”Eg A'?w”;az‘églgiﬁ”v (52‘?_‘;"'”%‘5?3;33];29 '(“(’:’t&)
data of rainfall and historical Amazon River disd®and Tucurui (TUC) for which RSF data are used ’

reported a correlation with ENSO (ElI Nifio/Southern

Oscillation) of 0.8 for 1985-93 and 0.56 for 197®-%u ) ) ) )

et al, (1999) examined the influence of atmosphere andstrong relationship with SST were confined to the
land surface on the seasonal changes of convectitre ~ €duatorial region of the Brazilian Amazon.

tropical Amazon, while Fwet al, (2001) explored the ) ) )

influence of tropical SST on the seasonal distiduof Studies of river basins are generally of two typas.
precipitation in the equatorial Amazon. Marengpal, ~ One, models try to estimate the effects of various
(1993) found that abundant rainy seasons in narther Circulation patterns on the hydrological charastéers
Amazonia were associated with cold SST in the taipi  (climatology etc.) of different parts of a basin.dnother,
eastern Pacific and negative/positive anomalieshim  SPecific effects like those of El Nifio events orTSS
tropical North/South Atlantic, accelerated Northagssdes ~ anomalies are examined. In the present communitatio
and a southward displaced ITCZ. Marergjoal, (1998)  the study is of the second category and of a viemited
found strong long-term trends on flow data from ¢bast ~ SCope, in that the river stream-flows (hencefogfenred

of northern Peru and the S&o Franscisco River and© as RSF) are examined for four rivers in the Aomaz
positive significant trends in the Parnaiba Rivasih. ~ basin for their association with EI Nifio effects,
Liebmannet al, (1998) compared the rainfall, outgoing Particularly with those of the recent giant evemts
long wave radiation (OLR) and divergence over the 1982-83 and 1997-98. Such long data (more than 60
Amazon basin and found moderate correlation (~0.6 o Years) are available for only a few locations idafg the
less). The major seasonal transitions from dryaimyr  four used here, which cover wide areas in differeants
regimes were captured well by OLR while the mean Of the Amazon basin.

diurnal cycle was represented reasonably well by th

150 hPa divergence. Marengn al. (2001) studied the 2. Data

onset and end of the rainy season in the Braziiaazon ) )

basin and found an apparent association between SST  Data for RSF (river stream-flow) were obtained from
anomalies in the tropical Atlantic and Pacific attie =~ ONS (Operador Nacional do Sistema Elétrico, Nationa
onset and end dates in parts of the Amazon. Liecbraad ~ Operator of the Electrical System), Brazil for &iv
Marengo (2001) found that areas of rainathibiting Jamari (at SAM, Samuel,°85 S, 63 25 W, nearest to
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TABLE 1

Inter-correlations during 1930-99, between the segis of RSFs (river stream-flows) at Samuel, Balbina,
Curua-Una, Tucurui and rainfalls at the grid centers 7.8 S, 62.83 W (Grid-1, near Samuel),
7.5° S, 57.8 W (Grid-2, near Balbina), 7.5 S, 47.8 W (Grid-3, near Tucurui)

Samuel Grid-1 Balbina Grid-2 Curua-Una Grid-3 Tugu
Samuel 1.00
Grid-1 0.29 1.00
Balbina 0.15 0.03 1.00
Grid-2 0.23 0.05 0.23 1.00
Curua-Una 0.20 0.13 0.56 0.33 1.00
Grid-3 0.12 0.30 0.25 0.30 0.52 1.00
Tucurui 0.15 0.14 -0.22 -0.08 0.01 0.33 1.00

the Peru-Ecuador coast, area ~14,000%knRiver 4. Year-to-year variations

Tocantins (at TUC, Tucurui,°#5 S, 49 41 W, farthest

from the Peru-Ecuador coast, area ~758,006),kRiver Plots of the various series of RSF and gridded
Uatuma (at BAL, Balbina, 058 S, 59 19 W, area rainfalls for 1930-99 (not shown here) indicatece th
~17,000 k) and River Curua-Una (at CUR, Curua-Una, following :

12° 47 S, 54 16 W, area ~18,000 kin The locations

are shown in Fig. 1. Data for5 5° gridded rainfall ) The_RSF variations at the four locations were not
(Mitchell et al, 2002) at grid centering 7.5, 62.3 W always alike.

(Grid-1, near Samuel), #5S, 57.8 W (Grid-2, near
Balbina), 7.8 S and 47.5W (Grid-3, near Tucurui) were
obtained from the website http://www.cru.uea.ac.uk/
cru/data/hrg.htm Data for ENSO indices were obtained
from the website _http://www.cpc.ncep.noaa.gov/data/
indices/ and for North Atlantic Oscillation Index from
http://www.cru.uea.ac.uk/ftpdata/nao.dat.

(i) The correlations between the annual values of the
four RSFs between themselves and with gridded atignf
were as given in Table 1. As can be seen, moshef t
correlations are low (less than 0.35), the onlyeptions
being, 0.56 between RSFs at Balbina and Curua-dda a
0.52 between RSF at Curua-Una and rainfall in Grid-
(The standard error is abat@.10). Thus, the hydrological
characteristics seem to have considerable lockleinEes
and large-scale common characteristics seem to have
minor influence.

3. Climatology

The average discharges were lowest (mean
183 nis?) in Curua-Una and largest (mean 11,12% ™

in Tucurui and the percentage positive and negative) ! .
deviations from means were very different, largast into three regions, namely NSA (Northern South Ager

Samuel (+136%, -83%), smallest in Curua-Una (+85%, excluding north-eastAB-raziI), NA (northern Amazraad
-47%). However, the seasons were similar for ale T ~SA (Southern Amazoénia, 0-2(, 45-70 W). One of our
maximum values were in March, April and/or May and locations (Balbina) is in the bottom part of NA, iefithe
minimum values in September, October and/or Novembe Others are inside the region SA within 0>18. Marengo
Rainfalls were maximum during January, February and(1992) had used data for six stations in SA andtimes
March. Details of the climatology are not studiegten  that the correlations were not very large and émpta
Instead, the average monthly values (climatologgrew Only a small fraction of the total variance.

subtracted from the monthly values and thus, deseas

(i) Marengo (1992) had divided the Amazon roughly
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Fig. 2. Plots of monthly values for 1981-84, of (1-5) STfive regions in the Pacific; (6) (T-D); (7) sv
flow at Samuel; (8-11) deseasoned RSF at Samu#djrda Curua-Una, Tucurui; (12-14) deseasoned
rainfalls in Grid-1, Grid-2, Grid-3

indicating that the rainfall variations are not leefed (0.5F = 25%, leaving 75% to random causes, not a very
faithfully in the collection of water in the catclemt area  encouraging situation for reliable predictions.

and that there are large latitude and longitudiedifices

of rainfall characteristics. The catchment area rbay 5. Giant El Nifio events of 1982-83 and 1997-98

larger than the 5x 5° grid area. Marengo (1992) often
mentions ‘highly significant’ correlations, but thalues The El Nifio events of 1982-83 and 1997-98 were

are mostly less than 0.50 (highly significant &@5%b6 or stronger than any others in recorded history andewe
better level, because the standard error may lsetkem expected to show strongly their effects on RSFs and
0.15) and represent an explained variance of onlyrainfalls.
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Fig. 3. Same as Fig. 2, for 1996-98 (no rainfall datdlalke)

5.1. El Nifio of 1982-83

interval in which EI Nifio was active in all regign®lot 7
is for the RSF at Samuel, actual monthly valuest (no

Fig. 2 shows the plots of monthly values for four deseasoned) just to show that a large month-todmont

consecutive years 1981-84. The top five plots areSST

variation (climatology) exists, which would camagk

anomalies in Pacific regions: Puerto Chicama (Peru-any ENSO effects. Plot 8 shows the deseasoned RSF

Ecuador coast,°8S), Nifio 1+2 (0-10 S, 90 - 80 W),
Nifio 3 (5 N-5° S, 150 - 9C° W), Nifio 3.4 (BN -5 S,
17¢° - 120 W, Nifio 4 (3 N - 5° S, 160 E - 150 W).
The arrows indicate the commencements and terraisati
of the El Nifio and both are different in differguarts of
the Pacific. The sixth plot is for the Southern eiion

Index (T-D), which shows the commencement in April (i)

1982 and termination in August 1983, almost theesas
for SST in western Pacific. (The vertical lines whthe

(climatology subtracted) for Samuel and plots 9, 1D
shows the deseasoned values for RSFs at BalbimaaCu
Una and Tucurui. Plots 12, 13, 14 are for the deseed
monthly values of the rainfalls in Grids 1, 2, 3heT
following may be noted :

During the interval April 1982-October 1983 when
the El Nifio was active, RSF at Samuel (Plot 8) sfba
small increase and the rainfall in Grid-1 (P1g8) $howed
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Figs. 4(a&b). Plots for 1975-99 for (a) climatic indices 1, BPa wind; 2, North Atlantic Oscillation index; 3NBO index T-D; 4,

ENSO index SST Nino 1+2 in Pacific; 5, 6, 7, SSTNiorth, South and Tropical Atlantic and (b) hydgitsal indices 8,
RSF Samuel; 9, rain Grid-1; 10, RSF Balbina ; Bin Grid-2; 12, RSF Curua-Una; 13, rain Grid-3; R&F Tucurui.
Positive deviations are painted black and negalesations are shown hatched (for T-D plot 3, niegatleviations
implying El Nifios are painted black and positive ahown hatched). Maxima are indicated by dots ramdbers
indicate spacings in months between successivemnaaxvhile numbers in rectangles are average spgdmgionths
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a big increase, indicating that in this regionstki Nifio meaning, namely, an oscillation of 2-3 year pecdagi

was associated with excess rains. A small increese For 1975-99, the average spacing of QBO (wind)8%2

observed in RSF at (far away) Tucurui also (Plgt Tn months (indicated by the number in a rectangle).

the other hand, RSF at Balbina (Plot 9) showedangt

decrease, which was seen in the rainfall in GridRbt (i) Plot 2 is for NAO (North Atlantic Oscillation),

13) and to a lesser extent in RSF at Curua-Unaainéhll traditionally defined as the normalized pressuffedince

in Grid-3. Thus, even in the region SA (southern between a station on the Azores and one on Ic€lBoks

Amazébnia) delineated by Marengo (1992), highly et al, 1997). There are clear peaks here, but the mpaci

dissimilar El Nifio effects (excess rains in sometga varies in a wide range 24-47 months. The averag®.i

droughts in other parts, with no dependence otudior months (indicated in a rectangle), much larger ttzn

longitude) can occur. average 28.5 months of QBO (Wind). NAO seems t&hav
a QTO (Quasi-triennial oscillation, 3-4 years).

(i) There are considerable increases and decreases

outside this interval at all locations (for exampdelarge (i) Plot 3 is for the Southern Oscillation Index,

increase followed by a large decrease in RSF dbiB@ml represented by the Tahiti (T) minus Darwin (D)

within ten months Nov 1983 - Aug 1984), indicatividper atmospheric pressure difference (T-D). Portionstedl

influences unrelated to ENSO. black are El Nifios (warmer waters, positive sedaser
temperature (SST) anomalies in the Pacific). Trecis
5.2. El Nifio of 1997-98 of these minima is large, 30-63 months, with anrage

of 58 months (number in the rectangle).
Fig. 3 shows similar plots for 1996-98, which
includes the El Nifio event of 1997-98 (marked bstigel (iv) Plot 4 is for SST anomalies in the Nifio 1+2 regio
lines). The event started in March 1997 in all oegi of (0-1C° S, 90 - 8C° W), with prominent positive anomalies
the Pacific (Plots 1-5) and terminated in almoktegions (painted black) indicating El Nifios. The averagacspg
in July 1998. The (T-D) (Plot 6) had the same paite of the maxima is 56 months, almost the same agTf@)
Plot 7 is for the actual monthly values of RSF atm8el minima, and both are very much larger than the QBO
and shows a prominent seasonal variation. Plot 8r& (Wind).
for the deseasoned values of RSF at Samuel, Balbina
Curua-Una and Tucurui. (Rainfall data were intetenit (v) Plots 5, 6, 7 are for the SST anomalies of North
for these years and not useful for complete plofée Atlantic, South Atlantic and Tropical Atlantic. Tieeare
RSFs show decreases in the fag end of the ENS@eacti peaks but with spacings in a wide range 24-63 ntht
interval at all locations, more prominently at Balband  the average spacings are very similar, 43.2 mofidhs
Tucurui. However, large increases occurred in 1806 North, 41.3 months for South and 40.1 months for
early 1997 when there was neither an El Nifio ndtaa  Tropical Atlantic, all in a QTO (3-4 year) region.
Nifa.
In Fig. 4(b), plots 8, 10, 12, 14 are for RSFs at
6. Associations during the recent 25 years 1975-99 Samuel, Balbina, Curua-Una and Tucurui and the in
between plots 9, 11, 13 are for the rainfalls ind&m, 2,
6.1. Plots for 1975-99 3. Since each point is a 12-month mean, it is aatmwally
deseasoned. There are peaks in wide ranges 244TAsno
Fig. 4 shows plots of 12-month running means (four but the averages seem to be in the QBO (2-3 yaager
values per year, centered 3 months apart) of skeverafor some locations and in the QTO (3-4 year) rafuge
parameters, climatic indices in Fig. 4(a), and R8fd other locations. Since Pacific SST and (T-D) spgxiare
rainfall data in Fig. 4(b). In Fig. 4(a), plots lafe as  of more than 50 months (almost 4 years), the smalle

follows: spacings at some locations can be compared only wit
QBO (Wind). Thus, an association between hydroklgic

(i) Plot 1 is for the low latitude stratospheric ziowand parameters and stratospheric wind is indicateds Hais

at 30 mb level (positive values, westerly; negatiafues, not been suggested before for any part of Amazdnig,

easterly). A striking feature is a smooth oscidlatiwith in some rainfalls in other parts of the globe, swah

prominent peaks (marked by dots). Successive peakassociation has been hinted (for example, in summer
spacings are in the range 27-33 months (QBO, Quasimonsoon rainfall in India, Mukherjegt al, 1985; Kane,
biennial oscillation, discovered by Reetlal, 1961 and  1995). In the Parametric model of the long range
Veryard and Ebdon, 1961). Some workers use the ternforecasting of southwest monsoon rainfall in Indiae of
QBO only for this stratospheric wind oscillation. the 16 parameters used is the 50 hPa wind (Théaliyc
However, we will use it only for its mathematical Kulshrestha, 1992).
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TABLE 2

Inter-correlations between the climatic indices andhydrological parameters (RSF and rainfalls), calclated from about 100 values
of each parameter (12-month running means, centeregl months apart, 4 values per year, for 25 years 19-99)

SST SST SST SST
30 hPa NAO T-D Pac N.At S.At  T.At Sam Gr-1 Bal Gr-2 C.Un Gr-3 Tuc

30 hPa 1.00
NAO -0.19 1.00
T-D 0.05 -0.16 1.00

SST Paci. 0.05 -0.01 -0.54 1.00

SST N.At 0.10 -0.38 -0.07 0.37 1.00

SST S.At -0.15 -0.20 0.21 -0.07 0.21 1.00

SST TrAt -0.06 0.01 -0.69 0.67 059 0.29 1.00

Samuel 0.02 0.19 0.08 -0.15 -0.11 0.17 0.03 1.00

Grid-1 0.15 -0.22 0.06 -0.23 -0.15 -0.07 -0.30 0.001.00

Balbina -0.12 -006 056 -051 -013 032 -0.37 003014 1.00

Grid-2 -0.20 -0.21 044 -0.27 -0.02 062 -0.17 0.230.07 0.39 1.00

Curua-Una -0.01 -0.08 057 -053 -0.29 0.62 -0.36.280 0.19 0.66 0.47 1.00

Grid-3 008 -035 042 -046 -027 052 -036 0.13.12 025 053 061 1.00
Tucurui -0.02 -0.06 002 -017 012 -018 -0.15 800004 -032 -001 -0.13 044 1.00
6.2. Relationship of RSF and rainfall with 6.2.5. SST Tropical Atlantic (Plot 7)

individual climatic indices
This had major maxima in 1982-83, 1987 and

6.2.1. El Nifios (Plots 3 and 4) 1997-98, all mixed up with El Nifios.

The relationship seems uncertain. Whereas increases  6.3. Relationship of climatic indices with individual
or decreases are seen during El Nifios, such chaeges rainfalls and RSFs
to occur even without an El Nifio.
The RSF changes were sometimes related to some
6.2.2. NAO (plot 2) parameters but sometimes not related to any paeamet
Thus, the relationships are obscure. Table 2 gihes
The NAO (North Atlantic Oscillation) had prominent inter-correlations between the climatic indiceskelves,
maxima in 1982, 1986, 1990, 1992. Three of thesethe hydrological parameters (RSF and rainfalls)
coincide with El Nifios and hence, their effects aod themselves, and hydrological and climatic indices,
distinguishable from those of El Nifios. In othdhere is calculated from about 100 values of each paran{ér
no consistency of effects on RSF. month running means, centered 3 months apart, yesal
per year, for 25 years). The following may be noted
6.2.3. SST North Atlantic (Plot 5)
(i) The 30 hPa wind is poorly correlated with all

Lack of consistency. parameters. RSF at Balbina and rainfall in Grid{dclw
had QBOs, should have had a good correlation with 3
6.2.4. SST South Atlantic (Plot 6) hPa wind, but the correlations are only —0.12 viRt&F

Balbina and —0.20 with Rainfall Grid-2. It happethsit
Lack of consistency. the phases (maxima with maxima) are nolyitajland
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Figs. 5(a&b). Cross correlation between 30 hPa wind and (a) RSF
Balbina, (b) rainfall in Grid-2, for phase diffels
—10 to +10 seasons

there are considerable lags. To estimate the kgsoss-
correlation was done with lags of —10 to +10 sesson
(3 months). The plot of correlations is shown ig.Fs.
The correlations oscillate between about —0.50+a0d10,
with the maxima of wind occurring 3 seasons latemt
maxima of RSF and rainfall, or 2 seasons eartianthe
minima of RSF and rainfall. However, the maximum
correlations are not very high (only ~0.50), indicg
only an approximate relationship.

(i) NAO is also poorly correlated. Maximum
correlations are -0.38 with North Atlantic SST aff@l35
with rainfall in Grid-3.

(i) (T-D) has a good correlation with Pacific SST
(obvious, El Nifio indices) but it is only —0.54 bese the
(T-D) minima do not coincide exactly with the SST
maxima and occur earlier by 1-2 seasons (obserefe
by Deser and Wallace, 1987). A good correlatiorstsxi
with  Tropical Atlantic SST (-0.69). Reasonable
correlations are obtained with RSF at Balbina (6pa&nd
Curua-Una (+0.57) and rainfalls in Grid-2 (+0.44)da
Grid-3 (+0.42), but poor correlations with RSF aingiel
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(+0.08) and Tucurui (+0.02) and with rainfall iniGd
(+0.06).

(iv) North Atlantic SST is well correlated with Tropic
Atlantic SST (+0.59) but poorly correlated with $ou
Atlantic SST (+0.21) and with all other parameters.

(v) South Atlantic SST is well correlated with RSF at
Curua-Una (+0.62) and rainfalls in Grid-2 (+0.62)da
Grid-3 (+0.52).

(vi) Tropical Atlantic SST has moderately negative
correlations (0.36 or less) with the hydrological
parameters.

(vii) RSF at Samuel is poorly correlated with other
hydrological parameters, maximum correlation beirittp
RSF at Balbina (+0.30).

(viii) Rainfall in Grid-1 is also poorly correlated witther
hydrological parameters, including RSF at Samu&iQ)

(ix) RSF at Balbina has a moderate correlation with
rainfall in Grid-2 (+0.39), a good correlation wiRSF at
Curua-Una (+0.66), and a moderate negative coiwalat
with RSF at Tucurui (-0.32).

(¥) Rainfall in Grid-2 is moderately correlated wRSF
at Curua-Una (+0.47) and rainfall in Grid-3 (+0.5But
poorly correlated with RSF at Tucurui (-0.01).

(xi) RSF at Curua-Una is well correlated with rainfall
Grid-3 (+0.61) but poorly correlated with RSF atclitui.

(xii) Rainfall in Grid-3 is moderately correlated wRSF
at Tucurui (+0.44).

Overall, RSF at Samuel and rainfall in Grid-1 are
dissimilar to each other and dissimilar to other
hydrological parameters and have poor relationstitp
climatic indices, while RSF at Balbina and Curuaalamd
rainfalls in Grid-2, 3 are reasonably interrelated have
moderate to good relationship with climatic indices
notably ENSO.

If more than one climatic indices are involved in
affecting any hydrological parameter, the direct
correlation would be reduced, but a multiple regji@s
analysis should show higher multiple correlatidnscase
of RSF at Curua-Una, reasonably good correlatiogiew
+0.57 with (T-D) and +0.62 with South Atlantic SSA.
regression analysis considering RSF at Curua-Urtheas
dependent variable and (T-D) and South Atlantic ST
two independent variables yielded a multiple catieh
coefficient as +0.76, larger than the individualretations
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Figs. 6(a&b). Spectra (amplitudegersusperiodicitiesT detected by MEM for 1975-99) for (a) climatic ind&cand (b) hydrological
indices. Numbers are periodicities in years. Nbs the abscissa scale is logarithm of perioditity

+0.57 and +0.62. Using rainfall in Grid-2 as a deent Ty (k = 1 ton), using LPEF (Length of the Prediction Error
variable and (T-D) and South Atlantic SST as two Filter) as 50% of the data length. Thgevere then used
independent variables, the individual correlaticrisz44 in the expression :

with (T-D) and +0.62 with South Atlantic SST impexl/

to a multiple correlation of +0.69 (not a large n

improvement). Thus, for some hydrological paranstar flt)=A. + a, sin(2xt/T, )+ Db, cod2xt/T, )|+ E
few climatic indices (notably ENSO and South Atlant () % Z[ “ ( / k) “ S( / k)]

k=1
SST) operating in unison seem to explain a sulatant
part of the total variance (more than ~60%). Nénadess, N
considerable variance (40% or more) remains unagida A+ :
. = r.sin2nt/T, +@ )+ E
and hence unpredictable. Ao é sin(2nt/T + @)

7. Spectral analysis ) )
where f(t) is the observed series and E the error

To obtain quantitative estimates of the spectral factor. A Multiple Regression Analysis (MRA, Beviog.
characteristics of the inter-annual variabilitye theries in 1969) was then carried out to estimatga,. b, and their
Fig. 2 (about 100 seasonal values) were subjeaed tstand.ard errors (by a least-square fit). From these
spectral analysis by MEM (Maximum Entropy Method, amplitudesr, and their standard erray. (common for all
Burg, 1967; Ulrych and Bishop, 1975), which locates Tk in this methodology, which assumes white noisejewe
peaks much more accurately than the conventional BTcalculated. Anyr, exceeding @ is significant at a 95%
(Blackman and Tukey, 1958) method. However, the (2 priori) confidence level.
amplitude (Power) estimates in MEM are not verjat#é
(Kane, 1977, 1979; Kane and Trivedi, 1982). Hence, Figs. 6(a&b) shows the spectra (amplitudesisus
MEM was used only for detecting all the possibleakse  periodicities T detected by MEM) in (a) for climatic
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Fig. 7. Plots of yearly values. Top, sunspot number; ,néxer flows at Samuel, Balbina, Curuauna,
Tucurui. (Al-A4), 3-year moving averages; (B1-B&ryear moving averages; (C1-C4),
11-year moving averages (in between triangles arerdinfalls in Grids 1, 2, 3). Peaks

(maxima) are marked by dots and troughs (minimagimgses. The numbers indicate peak
spacings in years

indices and in (b) for hydrological parameters. The (ii) In Fig. 6(b) for hydrological indices, almost all
hatched portion shows thes 2imits and lines protruding indices (notably RSF Balbina) have a small peakr nea
above this limit are significant at a better thaf%®  ~2.40 years, which could be identified with the I3®a
confidence level. The following may be noted: peak but could also be the weak peak in ENSO. All
indices have prominent peaks in the 3-5 year range,
() In Fig. 6(a) for climatic indices, the 30 hPa diand indicating some relation with ENSO and/or Northaftic
shows one very prominent peak in the QBO region, atSST.
2.46 years (~29.5 months). This peak is seen vekly
in other climatic indices (including ENSO indiceskich Thus, a complex picture emerges. The 30 hPa wind
show instead prominent peaks near 3.5 and 4.5 .yeardhas a very prominent QBO at ~30 months, while the
Thus, the 30 hPa wind has virtually no relationhwithe ENSO indices have most prominent periodicities &t 3
other climatic indices. and 4.7 years. However, ENSO has also small QBfOs. |
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any hydrological parameter shows prominent QBO, therainfalls in Grids-1, 2, 3. Here, a 22-year (Halagmetic

association should be considered with stratospiveirid cycle of sunspots?) oscillation is indicated. Thiheugh
or with ENSO? We feel that the conclusion should be some long-term variations are indicated, there @& n
based on relative proportions. RSF Balbina andakim consistency between different locations and betwRSH

Grid-2 do not show any peak near 3.5 years and showand rainfall. The inter-correlations are :

only small peaks at 4.4 and 6.0 years, indicatauk lof

ENSO influence. On the other hand, both show veryl year

strong QBOs near 2.4 years. Hence, association witfynn.mean SamueGrid-1 Balbina Grid-2 Curua-UnaGrid-3 Tucurui
stratospheric winds is more likely. In other hyadgital Samuel 1,00

parameters, ENSO does seem to be effective, but ®BO gig.1 019 1,00

very prominent in all of them and hence, some aaton

X LT L Balbina  -0,46 0,13 1,00
with stratospheric wind is also indicated.

Grid-2 040 -0,42 -0,18 1,00

8. Long-term (decadal) variations Curua-Una 0,52 0,09 024 018 1,00
Grid-3 -0,07 014 -009 -0,70 0,13 1,00

To reduce the contribution of QBO, QTO etc., 3-year, . i 051 007 071 -004 012 028 1,00
moving averages were calculated. The results asensh
in Fig. 7. The top plot is for sunspot numb&zsand the A spectral analysis of the series revealed the
sunspot maxima are marked by dots and minima byfollowing:
crosses. The succeeding plots Al, A2, A3, A4 ardHe
3-year moving averages of. percentage RSF dev.iations(i) In the 3-year moving averages, there was a
from mean, for Samuel, Balbina, Curua-Una and Tuicur  periodicity of ~5.5 years present at all locatioRarther,
Peaks (maxima) are marked by dots and the numbergnere were periodicities in a wide range 7.7-138rg,
indicate the spacings (in years) between succepsi@ks.  gissimilar at the four locations (these would rezlube
Troughs (minima) are marked by crosses. As carebe,s  jnter-correlations). Tucurui had 18.2 years, notnsat
the spacings of the maxima are not constant anglida  her ocations, while other locations had ~22 geaot

large range 5-16 years, and the peaks at difféoeations  geen at Tucurull = ~55 years was seen at all locations.
do not match (variations at Samuel are negligilohal).

Thus, these features are not common for all lonatidhe (i)

, ) In the 5-year moving averages, periodicities were
inter-correlations are :

seen in a wide range 7.6-13.8 years remains witie. T
18.1 years was seen at Tucurui, ~22 years at ther ot

s-year . . locations, and ~55 years at all locations.
runn.mean Balbina Curua  Samuel Tucurui
Balbina 1,00

(i) In the 1l-year moving averages, the 18.2 years at
Curua-Una 0,57 1,00 Tucurui, ~22 years at other locations and ~55 yatall
locations were seen. In rainfalls, Grid-1 showed125

S | 0,08 0,39 1,00 _ ;
amue years, Grid-2 showed 22.8 and 50 years, and Grid-3
Tucurui -0,47 -0,07 0,16 1,00 showed 21.4 and 57 years.
The plots B1, B2, B3, and B4 are for 5-year moving A 55-year periodicity in a sample of 56 years seems

averages. Here again, different locations showeckfit unbelievable, but MEM is capable of detecting Ihe&
variations. Some spacings are ~11 years andétnipting with large errors. Hence, the conclusion would tet &
to attribute these to sunspot cycles. The interetations periodicity of ~50-60 years is roughly indicated all the
are : series.

Since ENSO effects are eliminated, solar cycle
effects could be playing a role. Besides the 11-ggale,
sunspot numbers have larger periodicities also, for
Curua-Una 0,52 1,00 example, the Hale magnetic cycle of ~22 years,8be
year periodicity (Gleissberg, 1965) and others yé@rs,
etc., mentioned in Kane and Trivedi, 1985). Somthese

Tucurui -0,62 -0,10 0,19 1,00 larger periodicities (notably 20-25 years and 50y6@rs)
are reflected in our RSF and rainfalls (by whatever

The plots C1, C2, C3, and C4 are 11-year moving mechanism), raising an embarrassing question, ryamel
averages for RSFs. The in between plots (trianglesfor why is the most prominent periodicity of ~ygars in

5-year runn.mean Balbina Curua Samuel  Tucurui
Balbina 1,00

Samuel -0,08 0,49 1,00
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45 50 855 60 65 70 75 80 & changes in circulation in the Pacific, which searhave
! : RSF SAMUEL affected rainfall in Southern Brazil-Northern Argiea. In
0 our plots, nothing unusual was found in recent year
- RAIN GRID-1
0 9. Conclusions and discussion
S RSF BALBINA
%" A comparison of the characteristics of the river
E'éh RAIN GRID-2 stream-flows (RSFs) at four locations (SamuélS9 63
g W; Balbina, 2 S, 59 W; Curua-Una, 13 S, 54 W,
E‘é" RSF CURUA-UNA Tucurui, £ S, 50 W) and rainfalls in similar areas (Grids
1, 2, 3) in the Amazon region indicated the foliogy
‘(')‘ RAIN GRID-3
(i) The RSFs were maximum during March, April
'O" RSF TUCURUI and/or May and minimum near September-October.
h Rainfalls were maximum earlier, during January,
1 L L I l T 1 L February, and March.
45 50 55 60 65 70 75 80 85
YEAR =
Fig. 8. Plots of 22-year running means of percentage &®&Frainfalls (i) There were considerable year-to-year fluctuations
for 1942-86 but these were not similar at all the locations.

(i) An examination of the two largest El Nifio events
sunspot numbers not reflected clearly and accyratel (1982-83 and 1997-98) showed some effects during
river flows. Constain and Bollinger (1996) observad intervals when the El Nifios were active, but sorffieces
statistically significant peak for the surface atreflow in were seen even outside these active intervals.
the seismic zones bisected by the Mississippi River
lllinois, and James River, Virginia (USA) in thenge  (iv) Other climatic indices, notably the South Atlanti
11-13 years but could not resolve it with any bette SST seemed to be effective in their own way, indelpet
accuracy. They also noted an 18-20 year periodicity of the ENSO.
which could be a Hale magnetic cycle effect or malu
tidal effect. Burroughs (1992) mentions that (v) A spectral analysis of stratospheric wind (30 )hPa
meteorological records show fairly regularly the showed a very prominent periodicity at 2.46 yeand a
periodicities: QBO, 3-4 years, 5-7 years, 11 yeand minor periodicities at 2.07 and 2.94 years (all GRO
20 years. ENSO indices showed prominent periodicities at %@,

~4, ~3.5 years and minor periodicities in the QERQion

Regarding long-term trends, the plots of the 11ryea (2-3 years). The larger periodicities were reflddtesome
moving averages are dominated by the ~22 yearRSFs.
fluctuations. When linear trends were fitted, thatak
variations over 56 values (1936-91) of 11-year mgvi (vi) For some locations, the QBO in RSF was very
averages were, Samuel, (-0.22 0.39)%; Balbina, prominent and resembled the QBO of stratosphemcisvi
(+1.34 + 1.29)%; Curua-Una, (-1.62 1.79)%; Tucurui,
(+1.18 + 1.18)%, essentially negligible, insignificant Thus, for the four regions examined here, the
linear trends. If the fact that moving averagesused is  hydrological variations were different. This is not
taken into account, the degrees of freedom would benecessarily in contradiction with Marengo (1992)owh
reduced and the standard errors mentioned abovédwou examined broad divisions namely, Northern Amazonia
increase by almost a factor of 2. Hence, all thesed ~ (NA) and Southern Amazoénia (SA) and found that
estimates are grossly unreliable, and linear treads  whereas NA showed strong El Nifio signals, SA wasemo
negligible. However, the possibility remained thhe independent of El Nifios. Here we find that SA isriy
trends may not be linear at all. Fig. 8 shows tlmspof means a homogenously unresponsive region by itself.
22-year running means. As can be seen, the treedsoa Some parts of it can be responsive to El Nifios and/

linear and are not alike at all locations, evenlitatavely. other climatic indices, while others are not resposn We
We suspect that local conditions (terrain, orogyapte.) ~ suspect that this may be true for NA also. In fauif
have a considerable influence on these dissimdttems. broad regions but some strips in these regions naayg

good ENSO and/or other responses, while neighboring

After 1976, the El Nifio events have been strongerstrips may be unresponsive, probably due to highly
and recent IPCC reports present evidence of decadid localized circulation patterns interacting diffetlgnwith
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ENSO etc. This is, of course, speculation and néede
checked by examining rainfalls in small grids albeothe
Amazon. We propose to do that in near future. braad
way, as envisaged in Marengo (1992), the circutatio

MAUSAMS6, 3 (July 2005)

propagation (Yasunari, 1989). Thus, there is some
evidence that the stratospheric and tropospheri© @B:
coupled and these are, in turn, coupled to the @Bthe
equatorial eastern Pacific SST, suggesting a dycami

mechanisms of anomalously wet and dry years in thelink between stratospheric QBO and the large scale
Amazon basin are probably associated with distinctcoupled atmosphere/ocean system. Trenberth (1980)

circulation patterns in the tropical Atlantic (stgp North
Atlantic high, steep meridional pressure gradientits
equatorial side, accelerated North-east trades coud
surface waters in the tropical North Atlantic) atkds

mentions that the QBO shown by tropospheric ulbragl
waves of the Southern Hemisphere does not matdh wit
stratospheric QBO. Meehl (1987) identified a biahni
signal in the coupled ocean-atmosphere system én th

ensemble of atmospheric and oceanic anomalies igropical Indian and Pacific regions, which does se¢m

characteristic of (but not limited to) the positighase of
Southern Oscillation. In finer details, some local

to be related to stratospheric QBO (Rasmussbral,
1990). In any case, the ENSO mode (40-60 months)

circulation patterns may create complications and present in SST seems to be an independent parameter

deviations from the general pattern. For the sagasan,
RSF and rainfall in the same region may not showilaf
characteristics.

ENSO effects in different parts of the globe have
been reported since long (Ropelewski and Halp@&8,71
1989) but these are never one-to-one. Also, theseften
distorted by other effects. For example, in southmart of
South America (including southern Brazil), El Nifase
very well related to excess rains, but in NE Bralziv
latitude Atlantic temperature increases combinedh wi
favorable winds towards the Brazilian coast camdpiin
moisture which may neutralize the drought-like dtnds
caused by El Nifios. In other parts of the world, toiber
factors complicate the ENSO relationship. In theaxon
basin, one would have expected that the vicinityh®e
Peru-Ecuador coast (birth place of El Nifio) wouduit
in strong ENSO effects. This does not seem to happe
probably because of other interfering effects ltkese
related to tropical Atlantic, or local circulatigmatterns
related to orographic effects etc.

Because of the prominence of the EI Nifio

Gray et al (1992) have hypothesized a mechanism by
which stratospheric QBO influences ENSO variability
while Geller and Zhang (1991) and Gelkral. (1997)
illustrate a mechanism by which SST variations can
modulate tropical wave activity and finally, theTSQBO
would tend to force a stratospheric zonal flow kestidn

with the same period as the oceanic QBO. Ropelewski
et al (1992) feel that tropospheric QBO is mainly retht

to ENSO. However, recently Hamilton and Fan (2000)
noted a relationship between stratospheric winds at
Singapore and the growth rate of surface metharike wh
Giorgetta and Bengtsson (1999) reported a poterdlal

of QBO in the STE (stratosphere-troposphere exakang
as found in water vapor in GCM experiments. A passi
mechanism suggested is a QBO modulation of
stratosphere-troposphere  exchangeia the QBO
modulation of the upwelling through the tropical
tropopause. Coughlin and Tung (2001) found a QBO
(Wind) signal in the Northern Hemisphere surface ai
temperatures and concluded that the equatorial QBO
(Wind) signal is transmitted to the extratropicatitudes

not only in the upper atmosphere but also to théase
(Kane and Buriti, 1997). Thus, a relationship betwe

phenomenon, the QBO in hydrological parameters isstratospheric QBO and hydrological parameters shoul

popularly attributed to ENSO, in spite of the fdbat
QBO is not a major part of ENSO, which has major
contributions in the 3-5 year region. However, de

hydrological parameter has only QBO as a prominent

periodicity, with no substantial periodicities ihet 3-5
year region, an association with ENSO only shoutd b
considered as suspect. No attention seems to loetpai

receive serious attention, and efforts should net b
confined to relate the QBO in hydrological paramete
ENSO only.
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