
www.elsevier.com/locate/epsl
Earth and Planetary Science L
Oscillations in land surface hydrological cycle

D. Labat *
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Abstract

Hydrological cycle is the perpetual movement of water throughout the various component of the global Earth’s system.

Focusing on the land surface component of this cycle, the determination of the succession of dry and humid periods is of high

importance with respect to water resources management but also with respect to global geochemical cycles.

This knowledge requires a specified estimation of recent fluctuations of the land surface cycle at continental and global scales.

Our approach leans towards a new estimation of freshwater discharge to oceans from 1875 to 1994 as recently proposed by Labat et

al. [Labat, D., Goddéris, Y., Probst, JL, Guyot, JL, 2004. Evidence for global runoff increase related to climate warming. Advances

in Water Resources, 631–642]. Wavelet analyses of the annual freshwater discharge time series reveal an intermittent multiannual

variability (4- to 8-y, 14- to 16-y and 20- to 25-y fluctuations) and a persistent multidecadal 30- to 40-y variability.

Continent by continent, reasonable relationships between land–water cycle oscillations and climate forcing (such as ENSO,

NAO or sea surface temperature) are proposed even though if such relationships or correlations remain very complex.

The high intermittency of interannual oscillations and the existence of persistent multidecadal fluctuations make prediction

difficult for medium-term variability of droughts and high-flows, but lead to a more optimistic diagnostic for long-term fluctuations

prediction.
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Oscillations in the global climate system are usually

tracked by an extensive analysis of the fluctuations of

parameters such as pressure or temperature (continental

and sea surface temperature). Above others, two main

signals are well known from the scientific community

and have major impacts on global climate:

! ENSO: a sea surface temperature fluctuation ob-

served over the Tropical Pacific that impacts precip-

itation in many locations around the globe from South

America to Africa, Australia and North America [2].
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! NAO (North Atlantic Oscillation): this North Atlan-

tic sea-level pressure Oscillation exerts a consider-

able influence on the hydroclimatology of Europe,

Northern America and Canada [3–5].

Indeed, only a few signals are directly related to the

continental water cycle. What kind of signal can be

considered as a valuable record of the continental water

cycle? Two signals may be of interest: precipitation and

discharge records.

Precipitation time series are intermittent signals that

can not be easily analyzed and are only representative

of a very restricted area.

Indeed, river draining areas larger than 105 km2

integrate rainfall, evaporation, topography, lithology
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and vegetation heterogeneities thus integrating regional

climatic fluctuations [6]. Hence, it seems reasonable to

consider stream flows of large rivers as consistent

proxies to perform global and long-term (from 10 to

100 y) analyses.

Several previous studies already show interannual or

multidecadal variability in large river runoffs all over

the world ([7–13] among others). However, these oscil-

lations and trends are only representative of regional

climate and an integrated signal representative of land

surface water cycle is still lacking.

1. Continental freshwater discharge to oceans

This issue has been recently overcome by Labat et

al. [1]. Using a wavelet-based estimation method ap-

plied to the annual discharges of 221 worldwide large

rivers, the temporal variations of annual continental and

global freshwater discharge have been recently estimat-

ed over the 1875–1994 interval.

The database includes 221 rivers: 66 in North Amer-

ica including the St Lawrence, Colorado, Columbia,

Ohio, Nelson and Mac Kenzie; 51 in Asia including

the Mekong, Amur, Ob, Yenisey, Lena, Chang Jiang

and Volga; 40 in Europe including the Danube, North-
Fig. 1. Geographical location of the 231 stations considered in the continen

gauging stations appears homogeneous and globally follows the latitudinal di

hemisphere and 185 rivers in the northern hemisphere. Surface area of the ga

and longitude position range respectively from 40.3 S to 72.37 N and �15
ern Dvina and Elbe; 33 in South America including the

Amazone, Parana, Orinoco and Tocantins and 31 in

Africa including the Nile, Congo, Niger and Zambezi.

The surface area of the gauging reference stations

ranges from 104 km2 to 4.5*106 km2.

The reader is highly incited to refer to Labat et al. [1]

(Tables 1, 2 and 3) for a complete description including

the length of the discharge records and the geographical

localization of the gauge stations. Gauge stations where

streamflow is measured are located in Fig. 1.

Leading to the same results as Peterson et al. [20]

Artic river discharges analysis, land surface runoff

fluctuations reveal a rate of increase of 8% per year

over the last 75 y. However, this increasing rate must be

qualified at continental scale with a 14.3% increase

over North America contrasting with a mean 2% de-

crease over Africa and Europe. Therefore, the regres-

sion analysis of global land surface runoff against

global temperature from 1925 to 1994 exhibits a pos-

itive 4% increase and then correlates for the first time

the intensification of the water cycle to global warming

at continental and global scale [15].

In this paper, we focus on the oscillations that may

be detected in these global hydrological signals and

relate periodicities to already mentioned ones in the
tal and global runoff reconstruction process. Spatial repartition of the

stribution of continents, given that 46 rivers are located in the southern

uging reference stations ranges from 104 km2 to 4.5*106 km2, latitude

8.1 W to 184 E.
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literature (especially in sea surface temperature time

series since sea surface temperature fluctuations control

the amount of water available over continental area).

2. Spectral analysis

In a first time, the classical spectral analysis is

applied to these global hydrological signals. The

power spectrum density of the global discharge signals

corresponds to the Fourier transform of the correlation
Fig. 2. Spectral analysis of the global and continental discharge signals

characteristic oscillations in land surface runoff over the last century (a—

runoff, e—South America runoff and f—Global continental runoff).
function (Wiener Kinchine theorem). It allows to deter-

mine the characteristic periods and oscillations in glob-

al discharge signals (Fig. 2).

! Africa continental runoff displays interannual 7- to

8-y, 16-y and 40- to 50-y oscillation.

! Asia continental runoff displays interannual 5- to 6-y
and multidecadal 30-y oscillations,

! Europe continental runoff displays interannual 4- to

5-y, 14-y and multidecadal 25- and 50-y oscillations,
obtained by Labat et al. [1]. It allows a first identification of the

Africa runoff, b—Asia runoff, c—Europe runoff, d—North America
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! North America continental runoff displays 7- to 9-y,

15-y and 30-y oscillation,

! South American continental runoff displays interan-

nual 3- and 6-y oscillations and 12-y and 20- to 25-y

processes.

Finally, global continental discharge displays 7-y,

15-y and a dominant multidecadal 32-y process. Then,

Fourier analysis allows a preliminary determination of

the characteristic periods in land surface runoff and

already identify interannual, decadal and multidecadal

oscillations. These results are now corroborated intro-

ducing wavelet analysis that constitutes a most robust

method when dealing with non-stationary signals.

3. Morlet continuous wavelet transform

Because of their non-stationarity, Benner et al. [14]

has already emphasized the wavelet analysis ability to

show that bmost of the climatic oscillations are non-

stationary and do not persist for the entire span of the

time seriesQ. From the large number of techniques

currently available [16], the powerful wavelet analysis

is much preferred to the classical Fourier analysis,

because of the natural non-stationarity of hydrological

series [17]. In hydrology, several applications of wave-

let to stream flow time series have already been pre-

sented for North America [21,22], for South America

[14,18,23], for Africa [11] and for Europe [19].

The basic objective of the continuous wavelet trans-

form is to achieve a complete time-scale representation

of localized and transient phenomena’s occurring at

different time scales. The coefficients of the wavelet

transform of a continuous-time signal x(t) are defined

by the linear integral operator:

Cx a; sð Þ ¼
Z þl

�l
x tð Þw4a;s tð Þdt with

wa;s tð Þ ¼ 1ffiffiffi
a

p w
t � s
a

�
ð1Þ

�

where * corresponds to the complex conjugate. The

function w(t), which can be either real or complex,

acts as a convolution-kernel and is called a wavelet.

The parameter baQ can be interpreted as a dilation (a N1)
or contraction (a b1) factor of the wavelet function

w(t), corresponding to different scales of observation.

The parameter bH Q can be interpreted as a temporal

translation or shift of the function w(t), which allows

the study of the signal x(t) locally around the time s.
Wavelet analysis then allows to distinguish intermittent

oscillations (located over a restricted time interval)
from persistent oscillations (corresponding to a hori-

zontal line in the wavelet spectrum).

The wavelet spectrum Wx(a,s) of a continuous-time

signal x(t) is defined, by analogy with the Fourier

analysis, by

Wx a; sð Þ ¼ Cx a; sð ÞC4x a; sð Þ ¼ jCx a; sð Þj2 ð2Þ

This wavelet spectrum can also be averaged in time,

referred to as the global averaged wavelet power spec-

trum, but at the cost of an information loss [24].

The determination of the characteristic periods of

oscillation is achieved using the global wavelet spectrum.

Two statistical limits are considered in order to restrict

our analysis to statistically significant-only fluctuations:

! Only periodicity different from red noise is taken

into consideration and 95% and 90% confidence

intervals are depicted in the figures following Tor-

rence and Campo [24] calculations.

! Due to the edge effects leading to the presence of a

cone of influence, if T is the total length of the series,

only periods smaller than T / (2M2) are considered as

significant.

4. Pulses and oscillations in the land surface

hydrological cycle

The aim of this study remains to identify the most

energetic periods that affect continental freshwater to

oceans. Of course, continental discharge integrates a

large number of rivers with different regimes.

For example, South American river basins such as

Amazon are controlled by ENSO whereas Arctic and

European rivers are mainly under Artic Oscillation or

NAO influence. The hydrological regimes of Siberian

rivers such as the Ob, Lena or Yenisey also strongly

differ from the Mekong tropical basin.

Indeed, since climate forcing generally operates at

different scales, if a climatic forcing strongly impacts a

large region but not all a continent, the wavelet analysis

of the continental freshwater time series identifies such

periodicity. Hence, only the most remarkable periodi-

cities remain identified.

Hence, the question remains: what are the major and

most influent climate periodicities of the global land

surface water cycle?

4.1. Africa freshwater discharge wavelet analysis

African continental runoff wavelet spectrum (Fig. 3)

displays intermittent 7.5-y ENSO-related interannual

processes around 1915 and from 1960 to 1980. This



Fig. 3. Morlet wavelet analysis of Africa annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to bottom: temporal

fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global Morlet wavelet spectrum.

The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise [note that estimation of annual continental

discharge is based on 31 African rivers including the Nile, Congo, Niger and Zambezi].
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interannual oscillation is generally associated to ENSO

fluctuations or tropical Atlantic sea surface temperature

fluctuations [25,26]. It may also be related to South

Atlantic sea surface temperature fluctuations [27].

Then, the wavelet analysis also shows intermittent

16-y fluctuations from 1875 to 1920 and from 1958 to

1982. A similar 13- to 15-y oscillation has already been

mentioned by Venegas et al. [27] and Wainer and

Venegas [28] in singular value decomposition of

South Atlantic sea surface temperature time series.
Finally, considering multidecadal scales, African conti-

nental discharge exhibits persistent 38.5 y as highlighted in

South Atlantic sea surface temperature time series [28].

4.2. Asia freshwater discharge wavelet analysis

Asia annual runoff wavelet spectrum (Fig. 4) shows

low-intensity but statistically significant 6-y ENSO-

related interannual variability from 1935 to 1950

corresponding to the Pacific coast rivers. Persistent



Fig. 4. Morlet wavelet analysis of Asia annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to bottom: temporal

fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global Morlet wavelet spectrum.

The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise [note that estimation of annual continental

discharge is based on 51 Asian rivers including the Mekong, Amur, Ob, Yenisey, Lena, Chang Jiang and Volga].
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31-y oscillation appears as restricted from 1875 to

1960. The most energetic oscillation remains the 31-y

oscillation. Such oscillation may be related to the al-

ready documented 30- to 50-y Artic Oscillation vari-

ability [29] that impacts over the Artic rivers.

4.3. Europe freshwater discharge wavelet analysis

At interannual scales, Europe runoff wavelet spec-

trum (Fig. 5) highlights intermittent 4- to 5-y interan-
nual processes and 13-y oscillation from 1920 to 1970.

Multidecadal fluctuation is identified after 1935 with a

decreasing period varying from 28 to 23 y. It must be

noted that it is consistent with Lucero and Rodriguez

[30] Morlet wavelet analysis of European rainfall var-

iability exhibiting a 20- to 22-y NAO-related bidecadal

component. Finally, a pentadecadal oscillation is high-

lighted from 1900 to 1980.

Oscillations appear as closely related to the two

major climate fluctuations that impacts Europe: the



Fig. 5. Morlet wavelet analysis of Europe annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to bottom: temporal

fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global Morlet wavelet spectrum.

The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise [note that estimation of annual continental

discharge is based on 40 European rivers including the Danube, Northern Dvina and Elbe].
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North Atlantic Oscillation [31] and the Artic Oscillation

that exhibit multidecadal variability and impact princi-

pally western Europe [29].

4.4. North America freshwater discharge wavelet

analysis

North America annual discharge wavelet spectrum

(Fig. 6) displays a 4- to 8-y intermittent low-intensity
processes. Sun and Furbish [32] already reported a cor-

relation between river discharges of Florida and ENSO at

interannual scale in accordance with the 4–8-y oscilla-

tion. Over the central part of the continent, Lucero and

Rodriguez [33] also find in precipitation fields an inter-

annual mode related to ENSO phenomenon.

At longer time scales, several components are high-

lighted: a 24-y oscillations observed after 1930 and a

persistent 34-y fluctuations. This is also in accordance



Fig. 6. Morlet wavelet analysis of North America annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to bottom:

temporal fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global Morlet wavelet

spectrum. The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise [note that estimation of annual

continental discharge is based on 66 North American rivers including the St Lawrence, Colorado, Columbia, Ohio, Nelson and Mac Kenzie].
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with Lucero and Rodriguez [33] and Currie and Fair-

bridge [34] reports of a bidecadal 21- to 22-y oscillation

in precipitation fields. At multidecadal scales, Gray

et al. [35] also highlight 20-y and 30- to 70-y variability

in drought fluctuations extrapolated from tree-ring

records.

The 25- to 30-y and the 50-y oscillation emphasized

over North America may be related to the North Atlan-

tic Oscillation since reconstructions based on tree-ring

studies exhibit 24-, and 50- to 70-y long-term variabil-
ity [36–38]. These oscillations may also be related to

the Pacific Decadal Oscillation (PDO), since wavelet

analyses show two major spectral bands: 15- to 25-y

and 50- to 70-y [39–41].

4.5. South America freshwater discharge wavelet

analysis

South America runoff wavelet spectrum (Fig. 7) is

mainly characterized by intermittent interannual pro-



Fig. 7. Morlet wavelet analysis of South America annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to

bottom: temporal fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global

Morlet wavelet spectrum. The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise [note

that estimation of annual continental discharge is based on 33 South American rivers including the Amazon, Parana, Orinoco and

Tocantins].
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cesses with periods ranging from 3- to 7-y. Then,

wavelet spectrum identifies a 12-y variability already

observed in rainfall fields [33].

The 21-y bidecadal fluctuation detected in South

America annual runoff has also already been shown

in precipitation fields [23,33].

At multidecadal scales, the persistent 30-y oscilla-

tions has been previously described by Krepper and
Sequeira [42] and Lucero and Rodriquez [33] rainfall

analysis. Moreover, a similar 30-y multidecadal vari-

ability is shown over the Amazon basin [12,13].

The interannual variability may be directly related

to ENSO mode but should also be related to both

Pacific and Atlantic teleconnections [7,23,43,44].

The bidecadal oscillation [39,45,46] constitutes the

major fluctuation over South America land surface



Fig. 8. Morlet wavelet analysis of the Global annual freshwater discharge to ocean fluctuations from 1875 to 1994. From top to bottom: temporal

fluctuations of continental discharge, two-dimensional Morlet wavelet spectrum and global wavelet spectrum and global Morlet wavelet spectrum.

The dashed line corresponds to the 95%, 90% and 80% statistical confidence interval from red noise.
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runoff. This runoff oscillation may be related to South

Atlantic sea surface temperature and sea level pressure

fluctuations [27].

4.6. Global water discharge to the oceans

At global scale (Fig. 8), the wavelet spectrum of

annual freshwater discharge to oceans displays 7-y

interannual fluctuations combined with 14-y variability.

As mentioned for Asia, North America and South
America, the 32-y persistent variability remains the

major fluctuation.

5. Discussion

At interannual scale, 4- to 8-y ENSO-related and 6-

to 8-y NAO-related variability are highlighted in con-

tinental land surface hydrological cycles.

At interdecadal scale, a global 14- to 16-y oscillation

is identified but should be qualified at continental scale



Table 1

Summary of the characteristic periods shown by spectral and wavelet

analyses in continental and global freshwater discharge to oceans

based on Labat et al. [1] data

Continent Characteristic periods

Spectral analysis Wavelet analysis

y y

Africa 7–8, 16, 40–50 7, 16, 38

Asia 5–6, 30 6, 31

Europe 4–5, 14, 25, 50 4–5, 13, 25, 50

North America 7–9, 45, 30 4, 34

South America 3, 6, 12, 20–25 3, 15, 21

GLOBAL 7, 15, 32 7, 14, 32
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as a 13.5-y NAO- or AO-related oscillation over Eur-

ope, a 14-y NAO-related variability over North Amer-

ica and a 11.3-y ENSO-related variability over South

America. The decadal variability already mentioned in

North and Tropical Atlantic sea surface temperature

series [47–49] is not clearly highlighted.

Europe and North America land surface runoffs

highlight a 25- to 35-y variability probably associated

to global oceanic thermohaline circulation [50,51] or to

the Pacific Decadal Variability which exhibits 15- to

25-y fluctuations [52].

At multidecadal scale, wavelet analyses show a large

range of variability from 30- to 40-y oscillations in

Asia, Africa and South America annual land surface

hydrological cycle and a 50-y oscillation in Europe and

South America annual land surface hydrological cycle.

Such pentadecal oscillation has already been observed

by Minobe [40,41] in global sea level pressure and air

temperature, whereas multidecadal oscillation in South

America and Asia land surface hydrological cycle may

be respected related to ENSO long-term variability and

to PDO variability which exhibit 50 to 70 y.

6. Conclusions

In this paper, an insightful analysis of the fluctuations

of the continental freshwater discharge to oceans over

the last century is exposed. Based on spectral and wave-

let analysis, this analysis highlights multi-scale oscilla-

tions and exhibits significant differences both in terms of

spatial organization and temporal persistence (Table 1).

Land surface hydrological cycle over the last century

strengthens the evidence for intermittent multiannual

oscillations that can not be considered as persistent

processes but should be rather considered as spatially

and temporally localized pulses. Land surface hydrolog-

ical cycle reveals an intermittent multiannual variability

(4- to 8-y, 14- to 16-y and 20- to 25-y fluctuations) and a
persistent multidecadal 30- to 40-y variability. These

oscillations have been correlated to already known cli-

mate forcings and are consistent with already known sea

surface temperature or pressure fluctuations (ENSO,

NAO, PDO or AO among others). Hence, the global

hydrological signals exposed in Labat et al. [1] are both

in accordance in term of trends [16] but also integrate all

the major climate disturbances.

The high intermittency of interannual oscillations

and the existence of persistent multidecadal fluctuations

make prediction difficult for medium-term variability of

droughts and high-flows, but lead to a more optimistic

diagnostic for long-term fluctuations prediction.
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[1] D. Labat, Y. Goddéris, J.L. Probst, J.L. Guyot, Evidence for

global runoff increase related to climate warming, Adv. Water

Resour. (2004) 631–642.

[2] C.F. Ropelewski, M.S. Halpert, Global and regional scale pre-

cipitation patterns associated with the El Niño/Southern Oscil-

lation, Mon. Weather Rev. (1987) 1606–1626.

[3] J.C. Rogers, The association between the North Atlantic Oscil-

lation and the Southern Oscillation in the Northern Hemisphere,

Mon. Weather Rev. 112 (1984) 1999–2015.

[4] J. Hurell, W. van Loon, Decadal variations in climate associated

with the North Atlantic Oscillation, Clim. Change 36 (1996)

301–326.

[5] J. Marshall, Y. Kushnir, D. Battisti, P. Chang, A. Czaja, R.

Dickson, J. Hurell, M. McCartney, R. Saranavan, M. Visbeck,

North Atlantic climate variability: phenomena, impacts and

mechanisms, Int. J. Climatol. 21 (2001) 1863–1898.

[6] J.L. Probst, Y. Tardy, Long range streamflow and world con-

tinental runoff fluctuations since the beginning of this century,

J. Hydrol. 94 (1987) 289–311.

[7] G. Berri, M.A. Ghietto, N.O. Garcia, The influence of ENSO in

the flows of the upper Parana river of South America over the

past 100 years, J. Hydrol. 3 (2002) 57–65.

[8] H. Bjornsson, L.A. Mysak, R.D. Brown, On the interannual

variability of precipitation and runoff in the MacKenzie drainage

basin, Clim. Dyn. 12 (1) (1995) 67–76.

[9] P.J. Depetris, S. Kempe, M. Latif, W.G. Mook, ENSO controlled

flooding in the Parana’s river 1904–1991, Nature 83 (1996)

127–129.

[10] E.A.B. Eltahir, El Niño and the natural variability in the flow of

the Nile River, Water Resour. Res. 32 (1) (1996) 131–137.

[11] M.R. Jury, J-L. Melice, Analysis of Durban rainfall and Nile

river flow 1871–1999, Theor. Appl. Climatol. 67 (2000)

161–169.

[12] D. Labat, J. Ronchail, J. Callède, J.L. Guyot, E. De Oliveira, W.
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