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Abstract. This study evaluated the influence of low-
frequency oscillations, that are linked to large-scale
oceanographic—atmospheric processes, on streamflow vari-
ability in small tropical coastal mountain rivers of the Sierra
Nevada de Santa Marta, Colombia. We used data from six
rivers that had >32 years of complete, continuous monthly
streamflow records. This investigation employed spectral
analyses to (1) explore temporal characteristics of stream-
flow variability, (2) estimate the net contribution to the en-
ergy spectrum of low-frequency oscillations to streamflow
anomalies, and (3) analyze the linkages between streamflow
anomalies and large-scale, low-frequency oceanographic—
atmospheric processes. Wavelet analyses indicate that the 8—
12-year component exhibited a quasi-stationary state, with
a peak of maximum power between 1985 and 2005. These
oscillations were nearly in phase in all rivers. Maximum
power peaks occurred for the Palomino and Rancheria rivers
in 1985 and 1995, respectively. The wavelet spectrum high-
lights a change in river variability patterns between 1995
and 2015, characterized by a shift towards the low-frequency
oscillations’ domain (812 years). The net contribution of
these oscillations to the energy spectrum was as high as
51 %, a value much larger than previously thought for rivers
in northwestern South America. The simultaneous occur-
rence of hydrologic oscillations, as well as the increase in
the amplitude of the 8—12-year band, defined periods of ex-
tremely anomalous wet seasons during 1989-1990, 1998-
2002 and 2010-2011, reflecting the role of low-frequency

oscillations in modulating streamflow variability in these
rivers. Cross-wavelet transform and wavelet coherence re-
vealed high common powers and significant coherences in
low-frequency bands (> 96 months) between streamflow
anomalies and Atlantic Meridional Oscillation (AMO), Pa-
cific Decadal Oscillation (PDO) and the Tropical North At-
lantic Index (TNA). These results show the role of large-
scale, low-frequency oceanographic—climate processes in
modulating the long-term hydrological variability of these
rivers.

1 Introduction

In the past several decades, streamflow variability has in-
creased (Milliman et al.,, 2008; Dai et al., 2009), caus-
ing frequent and pronounced flood—drought cycles (Hunt-
ington, 2006). Atmospheric and oceanographic processes
are major sources of streamflow variability (Jhonson et al.,
2013; Schulte et al., 2016). The El Nifio—Southern Oscilla-
tion (ENSO) is among the most prevalent oceanographic—
atmospheric processes linked to streamflow variability in
tropical and subtropical areas (Battisti and Sarachick, 1995;
Amarasekera et al., 1997; Garcia and Mechoso, 2005; La-
bat, 2010). ENSO, however, is also affected by longer-period
changes in the background state (Garreaud et al., 2009;
Chowdary et al., 2014). It has been pointed out that its
effects can be modulated by the coupling that exists be-
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2 J. C. Restrepo et al.: Contribution of low-frequency climatic—oceanic oscillations to streamflow variability

tween ENSO phases and long-period events, such as the Pa-

cific Decadal Oscillation (PDO) and the Atlantic Meridional

Oscillation (AMO) (i.e., Brown and Comrie, 2004; Mur-

gulet et al., 2017; Shi et al., 2017). For example, the 1997-

1998 El Nifio event occurred during a PDO shift from a

warm to a cold phase, but recent warming (2010-2011) in

the Pacific occurred during a cold phase of the PDO. Multi-

ple atmospheric—oceanographic oscillations collectively im-

pose a more complex influence on hydrology (Labat, 2010;

10 Nalley et al., 2016; Shi et al., 2017). Thus, changes in the in-
tensity and frequency of extreme events depend on the cou-
pling and teleconnections of these large-scale atmospheric—
oceanographic processes. Overall, such interactions occur
through changes in the sea level pressure (SLP) and sea sur-

1s face temperature (SST) gradients, which in turn lead to flux

changes in the atmosphere (i.e., Enfield and Alfaro, 1999;

Jhonson et al., 2013; Sagarika et al., 2015; Murgulet et al.,

2017; Shi et al., 2017). Such atmospheric and oceanographic

interactions, as well as their role in hydrological variabil-

ity, have gained attention in recent years (Tootle et al., 2008;

Arias et al., 2015; Sagarika et al., 2015; Nalley et al., 2016).

Thus, a major question in the study of hydrology is the po-

tential effect of longer-period climate modes on the variabil-

ity of hydrological processes and on the strength of a par-

25 ticular event, such as El Nifo/Nifia. The interplay that ex-
ists between the multiple large-scale oscillations and the re-
gional hydrological processes constitutes a complex climate—
land coupled system (Steinman et al., 2014; Murgulet et al.,
2017).

s  Several authors have examined the relationship between
streamflow variability in northern South America and
large-scale oceanographic—climate indices, particularly those
linked to ENSO (e.g., the Southern Oscillation Index — SOI,
the Multivariate ENSO Index — MEI, and Nifio 1, 2, 3, 4)

s (Robertson and Mechoso, 1998; Hastenrath, 1990; Gutiérrez
and Dracup, 2001; Poveda et al., 2001; Restrepo and Kjer-
fve, 2004; Garcia and Mechoso, 2005). New variables such
as SST gradients in the Caribbean Sea and low-frequency os-
cillations, together with new statistical methods (e.g., singu-

40 lar value decomposition and principal component analyses)

are now used in streamflow analysis. These new approaches

have improved hydrological forecast models compared to
predictions based solely on El Nifio-based indices. For ex-
ample, such an approach allowed us to establish that the
extremely anomalous wet seasons in northern South Amer-
ica between 2010 and 2012 were associated not only with
ENSO anomalies, but also with an enhanced Atlantic Merid-
ional Mode (AMO), a low-frequency oscillation that is in-
dependent of ENSO (Arias et al., 2015). The new mod-
so els also reduce the spatial bias of SST, which affects hy-
drology at regional scales (Tootle et al., 2008; Cdrdoba-
Machado et al., 2016). These studies, however, failed to
include representative small basins (area <5000 kmz) that
drain into the Caribbean Sea in northern South America. Fur-
ss thermore, mountain rivers flowing from the Sierra Nevada

o
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o
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de Santa Marta (SNSM) massif (Fig. 1, Table 1) are ab-
sent from these models. Pierini et al. (2015) indicated that
rivers from the SNSM exhibit a distinctive hydrological pat-
tern, which differs from that of other rivers in northwestern
South America. Differences are especially pronounced be-
tween rivers in the SNSM and those with headwaters in the
Colombian Andes. SNSM rivers exhibit a relatively low con-
tribution from ENSO-related oscillations and a larger influ-
ence of quasi-decadal oscillations in their streamflow vari-
ability signals, compared to Andean rivers (Restrepo et al.,
2012, 2014). The magnitude of such influence and its link
with large-scale climatic—oceanographic oscillations is still
unknown. Overall, contribution from low-frequency oscilla-
tions to streamflow variability is poorly understood, particu-
larly in small, tropical, coastal mountain rivers (Stevens and
Ruscher, 2014; Nalley et al., 2016; Marini et al., 2016). These
fluvial systems possess low streamflow buffering capacity
because of their topographic setting (Milliman and Syvitski,
1992), and they are exposed to regional-scale atmospheric—
oceanographic processes (Hastenrath, 1990; Enfield and Al-
faro, 1999). Furthermore, it has been established that changes
in the Caribbean SST gradients affect the amount of rainfall
in northern South America (Enfield and Alfaro, 1999), but
there is no evidence that such changes affect the hydrologi-
cal variability of SNSM rivers, which are characterized by a
limited ability to filter hydrological signals (Restrepo et al.,
2014).

Standard statistical techniques are generally unable to ex-
plain the complex interactions, based on nonlinear and non-
stationary underlying processes, among a wide range of
climatic—oceanographic oscillations and their associated ef-
fects on hydrology (i.e., Grinsted et al., 2004; Xu et al.,
2004; Labat, 2005; Shi et al., 2017). Spectral analyses such
as wavelet transform (WT) and the Hilbert-Huang trans-
form (HHT) (Grinsted et al., 2004; Labat et al., 2005; Tor-
rence and Compo, 1998; Massei and Fournier, 2012; Schulte
et al., 2016) have proven useful for identifying the timing
of important features of non-stationary signals and for dis-
criminating the relative contribution of signal components,
which may change through time. The objectives of this study
were to (1) explore the temporal characteristics of stream-
flow variability, with emphasis on low-frequency oscilla-
tions, (2) estimate the net contribution (i.e., energy spectrum)
of low-frequency oscillations to streamflow anomalies, and
(3) analyze the linkages between streamflow anomalies and
large-scale, low-frequency, oceanographic—atmospheric pro-
cesses (Table 2) in small, tropical, coastal mountain rivers of
the SNSM (Fig. 1 and Table 1). To our knowledge, this is
the first study to estimate the contribution of low-frequency
oscillations to the hydrologic variability at a subregional
scale in these types of watersheds (i.e., small, coastal, and
mountainous), and specifically in northern South America,
where ENSO has been identified previously as the preem-
inent driver of streamflow variability (i.e., Gutiérrez and
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Table 1. Drainage basin (A), headwater elevation, mean monthly streamflow (Q), maximum monthly streamflow (Qmax), minimum monthly
streamflow (Qin), flood regimes (QOmax/ Q) and discharge variability (Qmax/ Omin) of the rivers draining the Sierra Nevada de Santa Marta.

River A Headwater 0 Omax Omin Omax/ 0 Omax/ Omin

(10°km2)  (masl) @@3s™)H) @@3s™H @3s7h © ©)
Fundacién 1.87 2986 28.52 140.9 4.83 4.94 29.2
Aracataca 0.93 4408 18.19 97.6 0.78 5.36 125.1
Frio 0.32 3716 13.76 59.5 2.06 432 28.9
Gaira 0.10 2750 2.30 18.2 0.17 7.91 107.1
Palomino 0.68 4785 25.51 108.8 452 4.26 24.1
Rancheria 4.23 3700 12.03 121.5 0.06 10.09 2025.0

(@)

CARIBBEAN SEA

Ciénaga Grande
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1. Fundacion
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Figure 1. (a) Map of the different drainage basins, with locations of streamflow stations and major geographic features; (b) historical monthly
streamflow series of the Fundacidn, Aracataca, Frio, Gaira, Palomino and Rancheria rivers.
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Dracup, 2001; Poveda et al., 2001; Cérdoba-Machado et al.,
2016).

2 Study area

The Sierra Nevada de Santa Marta (SNSM) is a massif
of metamorphic and intrusive rocks that is isolated from
other mountain ranges that make up the Andean Colombian
Cordillera (Montes et al., 2010) (Fig. 1). The SNSM pos-
sesses the highest peak in Colombia (5800 m) and is con-
tiguous with an ocean trench about 3200m deep. These
two features form one of the greatest topographic gradi-
ents of any coastal range in the world. Rivers with areas
of less than 5000 km?, very steep slopes and small alluvial
flood plains drain the Sierra with only the exception of the
Rancheria River, which drains large lowland areas in the
Guajira Peninsula (Fig. 1). Rivers that run through the west-
ern slopes of the SNSM flow into the Ciénaga Grande de
Santa Marta (CGSM), the largest Colombian coastal lagoon
(~ 730 km?) (Fig. 1), which was designated a Ramsar wet-
land because of its ecological diversity and importance and
its role as a shelter for migratory birds (Ramsar, 2019). The
environmental and ecological functioning of the CGSM de-
pends heavily on water discharge from the rivers on the west-
ern slopes of the SNSM (Vilardy et al., 2009). Rivers that
drain the northern and eastern slopes discharge directly into
the Caribbean Sea. Their fluvial discharge plays an impor-
tant role in beach stability (Restrepo et al., 2017). Rivers that
drain the southern slopes were not included in this study as
they are not considered coastal rivers and/or are tributaries of
high-order rivers.

The SNSM experiences two wet seasons annually, as a re-
sult of meridional displacement of the Intertropical Conver-
gence Zone (ITCZ). Precipitation from May to June is associ-
ated with northward movement of the ITCZ. Rain, of higher
intensity and duration, extends from September to Novem-
ber, when the ITCZ moves southward. The dynamics of the
North Jet (i.e., Caribbean or San Andrés Jet), and moun-
tain effects produced by the SNSM, produce a more com-
plex regional distribution of moisture (Bernal et al., 2006;
Poveda et al., 2001). The interaction between the northeast-
erly trade winds and belts of low pressure at < 900 hPa be-
tween latitudes 13 and 14° N promote formation of the North
Jet stream. This jet stream produces a deflection of moisture
in northwestern South America, which leads to the rise of air
masses along the slopes of the SNSM and causes strong sur-
face wind currents and low humidity on the Guajira Penin-
sula (Bernal et al., 2006). Thus, the SNSM experiences pre-
cipitation of > 2000 mm yr~! and a mean annual temperature
of <20°C. The rest of the Colombian Caribbean is warm
and dry, with rainfall < 1000 mm yr~! and mean annual tem-
peratures > 27 °C (Poveda, 2004).

Mean monthly streamflow in the principal rivers of the
SNSM ranges between 2.3 and 28.5m3 s~ ! (Fig. 1 and Ta-

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

ble 1). These rivers exhibit strong seasonal variability in
their discharge, usually as high as 5-10-fold when compar-
ing the lowest and highest monthly streamflow. Inter-annual
flow variability can also be large, with values for high-
streamflow years 2-4x those during low-streamflow years
(Restrepo et al., 2014). In addition, the SNSM rivers exhibit
high to very high discharge variability (Qmax/Omin) and a
high flood regime (Qmax/Q) while possessing drainage ar-
eas < 5.0 x 10° km? in mountainous zones (Table 1). Thus,
topography is a primary factor controlling flood variabil-
ity (Restrepo et al., 2014). Except for the Rancheria River
with a dam built in the late 2000s, the SNSM rivers have no
damming or fragmentation. However, just 15 % of the natural
forest remains completely unaltered, due to widespread log-
ging and an increase in agriculture. Only 8.5 % of the river
headwaters remain pristine (Fundacién Pro-Sierra Nevada de
Santa Marta, 1997). These land-use changes have led to a
general loss of hydrologic modulation capacity in the water-
sheds, and in turn have favored the occurrence of changes in
the hydrological patterns, specifically, an increase in seasonal
streamflow extremes (e.g., Pierini et al., 2017; Hoyos et al.,
2019).

3 Data and methods
3.1 Streamflow data

Streamflow monthly average data from rivers that drain the
SNSM were obtained from the Colombian Hydrology and
Meteorology Institute (IDEAM). Streamflow data are use-
ful for understanding the hydrologic response of a water-
shed to climate variability (Dai et al., 2009; Labat, 2010)
as they integrate stream response to multiple hydrologic pro-
cesses (precipitation, groundwater exchange, evapotranspira-
tion and runoff) (Milliman et al., 2008). Selection of stream-
flow gauging stations was based on the location and length
of records, which had to be sufficiently long to enable anal-
ysis of the role and properties of low-frequency oscillations
in streamflow variability. Gauge stations are located close to
the river mouth, in the lower part of the basin. Streamflow
time series measured close to the river mouth are consid-
ered a reliable integrated signal for a drainage basin’s wa-
ter cycle (e.g., Garcia and Mechoso, 2005; Milliman et al.,
2008; Labat, 2010; Pasquini and Depetris, 2007; Restrepo
et al., 2014). For this study, the quasi-decadal oscillations
(i.e., 8—12 years) or longer-period oscillations were classified
as low-frequency oscillations. This classification is in close
agreement with several previous hydrologic studies (Robert-
son and Mechoso, 1998; Pekarova et al., 2003; Grinsted et
al., 2004). Only stations with a minimum of 32 years of
data were selected, to obtain statistically significant infor-
mation about quasi-decadal oscillations, following the edge
effects (T/2+/2) and the cutoff frequency (7'/2) approach,
where T is the hydrological record total length (Shumway
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Table 2. Information on climate indices used in this study.

J. C. Restrepo et al.: Contribution of low-frequency climatic—oceanic oscillations to streamflow variability

Climatic— Definition Coverage/ Source
oceanographic time
indices resolution
Atlantic Meridional Simple basin average of North Atlantic Ocean (0-70°) sea surface 1950-2015/  Climate
Oscillation (AMO) temperatures (SSTs). The AMO index consists of detrended SST anomalies monthly Prediction Center
through this Atlantic Ocean region. The AMO displays a low-frequency — NOAA (NOAA,
periodicity of 65-80 years. 2016)
Pacific Decadal Oceanographic—atmospheric phenomena associated with persistent, 1950-2015/  Climate
Oscillation (PDO) bimodal climate patterns in the northern Pacific Ocean (poleward of 20° N). monthly Prediction Center
It oscillates with a characteristic period of about 50 years — a particular phase — NOAA (NOAA,
will typically persist for about 25 years. 2016)
Tropical North Indicator of the surface temperature anomalies in the eastern tropical North 1950-2015/  Climate
Atlantic (TNA) Atlantic Ocean. It is calculated with SSTs in the box 55-15° W, 5-25° N. monthly Prediction Center
The anomaly is calculated relative to a monthly climatological — NOAA (NOAA,
seasonal cycle based on the years 1982-2005. 2016)
Southern Oscillation  Standardized index based on the observed sea level pressure differences 1950-2015/  Climate
Index (SOI) between Tahiti and Darwin, Australia. A measure of the large-scale monthly Prediction Center
fluctuations in air pressure occurring between the western and eastern —NOAA (NOAA,
tropical Pacific 2016)
Multivariate ENSO It is based on the six main observed variables over the tropical Pacific: sea- 1949/1950-  Climate
Index (MEI) level pressure, zonal and meridional components of the surface wind, sea 2015/ Prediction Center
surface temperature, surface air temperature, and total cloudiness fraction of =~ monthly — NOAA (NOAA,
the sky. It is computed separately for each of twelve sliding bi-monthly composite 2016)
seasons and calculated as the first unrotated principal component (PC) of
all six observed fields combined.
Tropical South Indicator of the surface temperature anomalies in the Gulf of Guinea, the 1950-2015/  Climate
Atlantic Index (TSA) eastern tropical South Atlantic Ocean. It is calculated with SSTs in the box monthly Prediction Center
30° W-10° E, 20-0° S. The anomaly is calculated relative to a monthly — NOAA (NOAA,
climatological seasonal cycle based on the years 1982—2005. 2016)
Caribbean SST index  The time series of SST anomalies averaged over the Caribbean. Anomalies 1950-2010/  Climate
(CAR) were calculated relative to the 1951-2000 climatology. monthly Prediction Center
composite — NOAA (NOAA,
2016)
North Tropical Indicator of the surface temperatures in a broad swath of the tropical North 1950-2010/  Climate
Atlantic Index Atlantic Ocean. It is calculated with SSTs in the box 40-20° W, 5-20° N. monthly Prediction Center
(NAT) The anomaly is calculated relative to a monthly climatological seasonal — NOAA (NOAA,
cycle based on the years 1982-2005. 2016)

and Stoffer, 2004). We used streamflow data from six rivers
with more than 32 years of complete monthly records (Fig. 1
and Table 3).

We used continuous wavelet transform (CWT) and
Hilbert—-Huang transform (HHT) analyses to estimate period-
icities, variability patterns, and the net contribution (i.e., en-
ergy spectrum) of low-frequency oscillations to stream-
flow anomalies. We also used wavelet coherence (WTC)
and cross-wavelet transform (XWT) to estimate the corre-
lation between streamflow and eight large-scale climate—
oceanographic processes (Table 2). The XWT unveils high
common powers and relative phases in a time—frequency
space, whereas the WTC finds significant coherence even

www.hydrol-earth-syst-sci.net/23/1/2019/

with a low common power and shows confidence levels
against red noise, highlighting locally phase-locked patterns
(Shumway and Stoffer, 2004; Grinsted et al., 2004; Labat,
2005). Definitions of the climate—oceanographic indices used
in this study are presented in Table 2. Only the most sig-
nificant results (PDO, AMO, and TNA) are shown, with
other results displayed in the Supplement. Prior to the time-
series analyses continuity and homogeneity tests were ap-
plied. Data series with a non-normal distribution were trans-
formed prior to applying the XWT and WTC analyses, us-
ing a widely used standardization procedure (zero mean, unit
standard deviation) (e.g., Torrence and Compo, 1998; Grin-
sted et al., 2004; Labat, 2005).
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Table 3. Rivers and gauging stations analyzed in this study. The location and historic record of freshwater discharge data are also included.

River Gauging station Location Record
Elevation Longitude Latitude
(ma.s.l.)

Sierra Nevada rivers

1. Fundacién Fundacién 55  74°11'W  10°31'N  1958-2013
2. Aracataca Puente Ferrocarril 37  74°11'W  10°35'N  1965-2013
3. Frio Rio Frio 30 74°09 W 10°34'N  1965-2009
4. Gaira Minca 650 74°07W  11°08'N  1978-2013
5. Palomino Puente Carretera 30 73°34’'W  11°14'N  1965-2013
6. Rancheria Hacienda Guamito 76 72°37W  11°10'N 19762007

3.2 Spectral wavelet analysis

Analysis of monthly streamflow data was performed using
generalized local base functions with CWT. Mother wavelets
were translated and stretched in time resolution and fre-
quency (Torrence and Compo, 1998). This technique is help-
ful with the evaluation of time series that contain non-
stationary functions with different frequencies and provides a
timescale signal localization. The CWT, applied to monthly,
“de-seasonalized” streamflows, was used to estimate period-
icities and variability patterns, distinguish temporal oscilla-
tions, and identify the intermittency of each timescale pro-
cess. The wavelet spectrum was also time averaged (global
wavelet spectrum) in order to quantify the main scales of
underlying processes, and to determine the signal distribu-
tion variance. The global wavelet spectrum provides an ad-
equate estimation of the long-term processes’ characteris-
tics (Torrence and Compo, 1998; Labat, 2005). The XWT
and the WTC were estimated based on the CWT. An XWT
spectrum between signals indicates regions where there is
common high power and reveals information about phase
relationships. The WTC spectrum highlights the intensity
of the covariance of these signals, regardless of the high-
power display (Grinsted et al., 2004; Nalley et al., 2016).
The WTC covariance ranges from O to 1, where 1 represents
the highest covariance. Values of the coherence coefficient
were estimated following the Grinsted et al. (2004) proce-
dure. The relationships between streamflow and some large-
scale oceanographic—atmospheric indices were identified us-
ing the phase angle observed in the spectra. An in-phase rela-
tionship is indicated by arrows in the enclosed significant re-
gions of the XWT and WTC spectra that point straight to the
right. On the other hand, and anti-phase relation is indicated
by arrows pointing straight to the left. Arrows that do not
point straight to the right or left indicate a lead—lag relation-
ship when a climate—oceanographic index led the streamflow
response (Grinsted et al., 2004; Nalley et al., 2016).

A complex symmetric function, the Morlet wavelet spec-
trum, was used to distinguish between the real and imaginary
wavelet parts. The imaginary section contains the phase in-

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

formation that is necessary to calculate the spectrum coher-
ence between two variables (WTC) (Grinsted et al., 2004;
Nalley et al., 2016). The real section captures the negative
and positive time-series oscillatory characteristics and iso-
lates components such as jumps and discontinuities. The
Morlet wavelet also allows us to describe the hydrological
data structure as well as to have better frequency resolution
(Grinsted et al., 2004; Labat, 2005). A value of 6 was defined
for the frequency localization of the Morlet wavelet (w,) to
fulfill the admissibility condition (localization in time and
frequency, zero mean, and to acquire a proper balance be-
tween frequency and time) (Torrence and Compo, 1998;
Grinsted et al., 2004; Nalley et al., 2016). The 95 % con-
fidence level was calculated for contours and edge effects’
area following the method of Torrence and Compo (1998).
The edge effect was addressed by the zero-padding approach.
This procedure creates discontinuities at both ends of the
data, particularly at larger scales. The power displayed in this
area is expected to be weaker than actually shown (Nalley et
al., 2016). The area in the WT spectrum where the edge ef-
fect is shown is referred to as the cone of influence (COI).
The interpretation of the WT power spectra was limited to
the area outside the COI; thus, the COI is represented by the
region outside of the concave-up area.

3.3 Hilbert-Huang transform

The HHT is an adaptive empirical method used to obtain
modes of variability with nonlinear and non-stationary data
(Huang et al., 1999). The additive decomposition of a time
series (X)) is obtained from the intrinsic modes functions
(IMFs) and the residual (Eq.l1) indicates the data trend.
This process is known as the empirical mode decomposi-
tion (EMD). The time series (X)) can be represented by the
sum of the modes (c;) plus the residue (r,)).

n—1
Xiy= D ¢+ ey

i=1

where c¢; represents each of the decomposition modes, r is
the residue and »n is the number of decomposition modes.
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The Hilbert transform (C; ) (Eq. 2) is then applied to each
of the IMFs to extract the information in terms of energy—
time—frequency:

e

el i(t") 4.1

Cipy = ;P/:df, @)
0

where P is the main value of the Couchy number (Long et

al., 1995)._We can then construct the analytic signal (C;())

from the C; (), defined as (Eq. 3)

3

City = ¢igy + jCigy = Aye %0, 3)

12 =2 4172 o Cig
where Ay = [cj(;,) + Cip] /2 and 6 = Arctan[m ,
10 which corresponds to the instantaneous amplitude and the in-
stantaneous phase angle, respectively. The instantaneous fre-

quency (w; () associated with each IMF is defined as (Eq. 4)

“

The original signal (Eq. 5), excluding the residue, can be ex-
15 pressed from the real part, i.e., the left-hand side of Eq. (3):

N N
X() = Re [Z Ai(,)ej9i<’):| = Re [Z Aigye I/ w"md‘} . (5

i=1 i=1
The Hilbert spectrum can be expressed from the square of
the instantaneous amplitude (H (w, t) = AZ(wt)). From the
Hilbert spectrum we can define the Hilbert marginal spec-
trum (7(w)) (Eq. 6), which represents the sum of all ampli-
tudes (energy) over all data (Barnhart, 2011):

2

=3

T
h(w) =/H(w,t)dt. ©)
0

The Hilbert marginal spectrum corresponds to the energy as-
sociated with each of the frequencies that make up the sig-

2s nal (Huang et al., 1999). In order to determine the frequency
and energy of each of the signal modes, we define the aver-
age frequency (f(n)) and average energy (E,) of each mode
(Huang et al., 1999, 2009):

I FEL()df
Ty = ™
E.(f)df
0
T
wE, = / €24, ®)
0

where E, is the Fourier power density spectrum. A combi-

nation of the algorithm to obtain the functions of intrinsic

modes, together with the Hilbert spectral analysis, is called

the Hilbert—-Huang transform (Huang et al., 1999; Barnhart,
s 2011).
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4 Results

4.1 Short- and long-term patterns of streamflow
variability

Intra-annual and annual processes are the dominant signals,
but they exhibit intermittency throughout the CWTs (Fig. 2).
The Fundacién, Aracataca, Palomino and Rancheria rivers
exhibit an intermittent signal at the intra-annual and annual
bands, with maximum powers localized around the peri-
ods 1985-1990, 1998-2002 and 2008-2010. The Frio and
Gaira rivers show a quasi-continuous annual signal of com-
parable magnitude, with maximum powers around the 1985—
2010 and 1985-2002 intervals, respectively (Fig. 2). In most
of these rivers, the inter-annual signal (i.e., 3—7 years) was
discontinuous, highly localized, and exhibited relatively low
powers throughout the CWT spectra (Fig. 2). These spectra
highlight inter-annual processes in the Fundacién, Aracataca
and Gaira rivers during the 1995-2005 period, whereas the
Rancheria River experienced such processes over the 1980—
1988 and 1995-2005 intervals. The inter-annual signal also
appeared in the Frio and Palomino rivers from 1996/1998
to 2010. Most inter-annual signals exhibit their maximum
power around the 1998-2002 interval (Fig. 2). Quasi-decadal
or low-frequency signals (i.e., > 8-year band) are observed in
most CWT spectra. All rivers exhibit powers of comparable
magnitude between the 1980s and 2010. The intensity of this
signal increased in the 1990s and reached maximum power
during the 1998-2005 interval (Fig. 2).

Most of the CWT spectra exhibit periods where the max-
imum power of the different signal bands occurs simultane-
ously (Fig. 2). For example, all rivers exhibit high-power sig-
nals on the annual and quasi-decadal bands during the 1988—
1990 interval. All rivers, except the Palomino, experienced
superimposed oscillations on the annual, inter-annual and
quasi-decadal bands over the 1998-2002 interval. A quasi-
biennial oscillation occurred jointly with annual, inter-annual
and quasi-decadal oscillations during the 2008-2012 inter-
val in the Fundacién, Aracataca and Palomino rivers (Fig. 2).
The simultaneous occurrence of relatively high-power sig-
nals led to periods of intense hydrological variability, in
which extreme flows occurred, such as those experienced
in most rivers in 1988-1989, 1998-2000 and 2010-2011
(Figs. 1 and 2).

The global wavelet spectrum is obtained by time-
averaging processes of the CWT (Fig. 3). In the Frio, Gaira
and Rancheria rivers, the main oscillatory component is the
annual band. The second-order source of hydrologic variabil-
ity is the quasi-decadal band. The global wavelet spectrum
also displays an 8—12-year or larger oscillation, which consti-
tutes the main oscillatory component in the Fundacién, Ara-
cataca and Palomino rivers. Although the inter-annual scales
are common in all rivers, excluding the Aracataca River, they
exhibit relatively low power signals and thus constitute a
second-order source of hydrologic variability (Fig. 3). Os-
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Figure 2. Continuous wavelet transform spectrum for the Fundacion, Aracataca, Frio, Gaira, Palomino and Rancherfa rivers. The dark
yellow/light blue colors in the wavelet spectra correspond to high/low values of the transform coefficients (power). The thick black contour
delimits the 95 % confidence level against AR(1) red noise, and the cone of influence where edge effects (T/+/2) are not negligible is shown

as a black line.

cillations greater than 1 year were not statistically signifi-
cant, except in the Aracataca River. The global wavelet spec-
trum remains unchanged (dashed gray lines in Fig. 3) when
the intra-annual and annual bands are extracted, removing
s monthly average values from the original streamflow time se-
ries. The significance-level curve, however, changes, making
the power of certain oscillations, such as in the Fundacién
and Frio rivers, significant (Fig. 3). Thus, it is likely that
longer time series are required to test the low-frequency os-
10 cillations’ statistical significance within the global wavelet
spectrum. Information on these low-frequency oscillations
was considered useful because (1) the zero-padding tech-

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

nique reduces the lower frequencies’ true power, (2) the
CWT isolates hidden signals not shown by other techniques,
and (3) they are within the range defined by edge effects and
cutoff frequency.

4.2 Intrinsic component of monthly streamflow and
energy distribution

IMFs were generated by extracting the monthly, multi-year
average from the original time-series data. We obtained be-
tween six and eight oscillation modes and the residual (Fig. 4
and Table 4). The C1-C4 modes represent intra-annual, an-
nual and quasi-biennial oscillations. Mode C5 represents the

www.hydrol-earth-syst-sci.net/23/1/2019/
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Figure 3. Global wavelet spectrum for original and filtered time series of the Fundacién, Aracataca, Frio, Gaira, Palomino and Rancheria

rivers.

inter-annual oscillations. Mode C6 and higher modes corre-
spond to low-frequency oscillations (i.e., quasi-decadal or
greater) (Fig. 4 and Table 4). Information on the last IMF
mode of the Fundacién (C7) and Gaira (C7) rivers must
be analyzed cautiously as they are outside the range es-
tablished for the edge effects approach (Table 4). The C1—
C4 modes exhibit frequent but generally homogenous os-
cillations, except during specific periods, as with the Gaira
River in 1988-1990 and the Aracataca and Rancheria rivers
in 1998-2000, when these modes exhibited large oscillations
(Fig. 4). In most rivers, the C5 oscillation mode became more
pronounced and recurrent about 1995. A similar pattern oc-
curs with the C6—C8 oscillation modes, with the notable ex-
ception of the Gaira River, which exhibits quasi-steady, large
oscillations on these modes during the entire record. The
Aracataca River constitutes the most representative example
of such changes (Fig. 4). Residuals show increasing trends in
the Aracataca, Frio, Palomino and Rancheria rivers, whereas

www.hydrol-earth-syst-sci.net/23/1/2019/

a decreasing trend is seen in the Fundacion and Gaira rivers.
Most of these trends showed inflection points in the 1990s or
in the early 2000s (Fig. 4).

The contribution of modes C1 to C4 (intra-annual to
quasi-biennial) ranges between 43.6 % and 83.8 % (Table 4).
These modes provide the highest proportion of the en-
ergy spectrum in all rivers, except the Aracataca. In the
latter case, the highest proportion of energy comes from
modes associated with low-frequency oscillations (i.e., >
108.1 months), whose contribution amounts to 51.4 %. In
other rivers, the contribution of low-frequency modes (C6—
C8) (i.e., > 94.1 months) is higher than 12.3 %, except in
the Rancheria River, where the contribution of these modes
amounts to only 3.6 %. The contribution of modes associated
with the inter-annual signal (C5, except the Aracataca River)
varies between 7.4 % and 17.9 % (Table 4). Discrimination
of the contribution of each MFI mode shows that mode C1
(3.5-3.9 months) provides the greatest amount of energy in
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Figure 4.

the Fundacién, Frio, Gaira and Rancheria rivers (21.1 %—
28.0 %). Modes C2 (8.1 months) and C5 (108.1 months)
provide the highest proportion of energy in the Palomino
(19.9 %) and Aracataca (19.7 %) rivers. The contribution of

s modes associated with the quasi-decadal oscillations (94—
144 months) is higher than 10.0 % in all rivers, except the
Rancheria, in which it reaches only 3.6 %. The largest con-
tribution of these modes is recorded in the Aracataca River,
at 36.1 % (Table 4).

1o The application of the Hilbert—Huang transform to each
IMF component provides information on amplitude changes
at each of the estimated timescales (Fig. 5). High-frequency
components (AMP1-AMP4) show recurrent oscillations in
amplitude which coincide with periods of extreme flow

1s events (Figs. 1 and 5). The inter-annual component (AMPS5)

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

1955 1975 1995 2015

1955

1975 1995 2015

showed a marked increase since the 1990s in the Fundacién,
Aracataca, Frio and Rancheria rivers, whereas the Gaira and
Palomino rivers exhibited the opposite behavior. The low-
frequency components (AMP6 or above) also experienced an
increase in amplitude for the same time period, with the ex-
ception of the Gaira River and the Fundacién River (AMP7).
In most of these rivers the amplitude of low-frequency com-
ponents (> AMP6) is comparable to or even higher than the
amplitude exhibited by the inter-annual component (AMP5)
(Fig. 5).

4.3 Spectral correlation with
atmospheric—oceanographic processes

The XWT and the WTC spectrum show that the AMO,
PDO and TNA are correlated and coherent with river stream-
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Figure 4. Ensemble empirical mode decomposition (EEMD) for the Fundacién, Aracataca, Frio, Gaira, Palomino and Rancheria rivers.

flow over a range of timescales and frequencies. Differences
are noticeable, however, for power and phase relationships
when comparing high- and low-frequency signals (Figs. 6—
8). The XWT spectrum reveals that AMO and river stream-
flow exhibited high common powers in bands higher than
64 months, with the highest scale in the > 96-month bands
(> 8 years). These common powers showed different phase
relationships and durations (Fig. 6). For example, for the 96-
month band, the XWT revealed a lagged (with AMO lead-
ing) but significant common power during the periods 1982—
1998 and 1992-2005 in the Fundacién and Frio rivers, re-
spectively. The XWT also revealed an anti-phase significant
power in the Aracataca River from 1996 to 2015. Other rivers
exhibited very localized significant common powers at high-
frequency bands, but not at low-frequency bands (Fig. 6).
The WTC also revealed significant coherences with AMO in
the low-frequency bands with the Frio, Gaira, Palomino and
Rancheria rivers. Such coherences, however, exhibited a va-

www.hydrol-earth-syst-sci.net/23/1/2019/

riety of lengths and phase relationships. The Frio, Gaira and
Palomino rivers showed coherence in the ~ 96-month band
throughout the entire record, with lagged (with AMO lead-
ing) and almost in-phase relationships. The Palomino River
exhibited a significant in-phase coherence between 1965
and 2002 (Fig. 6). Significant coherences were also observed
in other frequency bands. The WTC spectra revealed signif-
icant lagged (with AMO leading) coherences in the ~ 32-
month band during the periods 1984-2015 (Gaira River)
and 1985-2005 (Rancheria River). The spectra for the Fun-
dacién and Palomino rivers also revealed significant coher-
ences at the ~ 32-month band during highly localized peri-
ods (Fig. 6).

The XWT analysis revealed significant correlations be-
tween PDO and streamflow, particularly in the low-frequency
bands (Fig. 7). This relatively high scale dependence was sig-
nificant from the early 1990s in most of the rivers, except the
Palomino. The Fundacién, Aracataca and Frio rivers expe-

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

20

25

30

35



3

12 J. C. Restrepo et al.: Contribution of low-frequency climatic—oceanic oscillations to streamflow variability

(a) Fundacion Aracataca Frio
1955 1975 1995 2015 1955 1995 2015 1955 1975 1995 2015
60 20 —— 1

=, = -
% ) NWAAN/'“}\—/\/M %10 MWMWW % ° WWM
< < <
0 0 0
20 15— 15
a §10 §10
= 10 = =
= < <
0 0 b T 0
20 40 P 10
% 2 %
<10 S20 L5
< < <
0 0 0
15 30 10
5 10 g 20 N
: LA/\/ < z°
< < <
0 (]S AT /AN 0
15 15 15
£ 10 & 10 N g
= \/\/\/\ = <§(
< <
0 0 b ' 0
15 1.4
£ 4 V\/\J £ 10 £1.2
s s S
< < <<
0 oA 0.8
25 4 10
~ ~ ~
o 20 3
= /—\ % L\/N % 5 L’J
< <<
1.0 1 0
1955 1975 1995 2015 45 1955 1975 1995 2015
® 10 \ }
=
<<
0
1955 1995 2015

Figure 5.

rienced significant anti-phase coherences at the ~ 96-month
band from the early 1990s. The Gaira and Rancheria rivers
showed significant lagged (with PDO leading) coherences
during the 1985-2005 and 1992-2000 periods, respectively.
Patterns obtained through the WTC spectrum were similar
(Fig. 7). Periods of significant anti-phase coherence between
the PDO and streamflow, extending from 1977 to 2015 in
the Fundacion River, 1985 to 2015 in the Aracataca River,
and 1974 to 2010 in the Frio River, were identified at the
~ 96- to 128-month bands. The WTC analysis also detected
a statistically significant coherent and anti-phase streamflow
relationship for the entire record at the ~ 128-month band
in the Gaira River and at the 64- to 128-month bands in the
Rancheria River, from 1989 to 2009. Both the XWT and the
WTC spectrum revealed dispersed, significant common pow-
ers/coherences at the high-frequency bands. There is a sig-
nificant coherence observed in most of the rivers at the 32-
month band, from 2005 (Fig. 7).

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

Significant statistical relationships between TNA and
streamflow were observed at low-frequency bands (Fig. 8).
They were, however, relatively low and dispersed compared
to those obtained through the spectral analysis of AMO and
PDO (Figs. 6 and 7). The XWT revealed a significant and
lagged (with TNA leading) common power in the ~ 96-
month band during the 1975-2005, 1982-2008 and 1982—
1998 periods in the Fundacion, Frio and Rancheria rivers,
respectively. The Palomino exhibited high-scale dependence
in the > 64-month bands. Such common powers were mostly
not significant, except during a very narrow band in a short
period between 1985 and 1995 (Fig. 8). Most of the sig-
nificant coherences at low-frequency bands fell within the
edge effects area, i.e., outside the COI. The Frio, Palomino
and Rancheria rivers exhibited spectral coherences through
the entire spectrum at the > 96-month bands, all signifi-
cant at the beginning and end of the spectrum, but mainly
outside the COI. The WTC spectrum also revealed highly
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Figure 5. Temporal distribution of amplitudes (AMP) (m3 s_l) for each component (IMFs) of the Aracataca, Frio, Gaira, Palomino and

Rancheria rivers.

localized and dispersed significant coherences at the high-
frequency bands in most of the rivers, particularly from 1995
to 2015 (Fig. 8). The WTC spectrum showed different phase
relationships within each spectral analysis, indicating phase-
unlocked coherence (Fig. 8).

5 Discussion

5.1 Role of low-frequency oscillations in hydrological
variability

Two approaches indicate that low-frequency oscillations play
a significant role in the hydrological variability experienced
by rivers of the Sierra Nevada de Santa Marta (Figs. 3—5 and
Table 4). The global wavelet spectrum shows that these os-
cillations (> 8—12 years) constitute at least a second-order
variability source in these rivers, surpassed in some cases
only by oscillations associated with the annual band (Fig. 3).
The HHT indicates that the contribution to the global energy
spectrum from the low-frequency modes is > 12 %, reaching
up to 51 % in the Aracataca River. This contribution is on

www.hydrol-earth-syst-sci.net/23/1/2019/

the same order as, or even greater than, the contribution from
the inter-annual mode (Table 4). The HHT analysis also re-
vealed that the amplitude of the low-frequency components
is of comparable magnitude to, or even greater than, the am-
plitude of the inter-annual components (Fig. 5). Recent stud-
ies underscore the importance of quasi-decadal signals for
streamflow variability of rivers in northwestern South Amer-
ica (Restrepo et al., 2014). The magnitude of these contri-
butions, however, had not been quantified before, as previ-
ous studies in this region focused on assessing the effect of
ENSO on hydrological variability (Hastenrath, 1990; Gutiér-
rez and Dracup, 2001; Poveda et al., 2001; Restrepo and
Kjerfve, 2004). These studies were also characterized by a
strong bias on Andean and Pacific rivers where the influence
of ENSO on hydrological variability is predominant (Poveda,
2004; Poveda et al., 2001). It is valid to assume that because
of their location, i.e., proximity to the Caribbean Sea, di-
rect exposure to the trade winds and the North Jet Stream,
extension (i.e., small drainage basins with limited capacity
to filter hydro-climate signals, and low basin storage capac-
ity), and high relief (i.e., it favors deep convection), rivers in
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Figure 6. Cross-wavelet transform (XWT) and wavelet coherence (WTC) between AMO and the (a) Fundacion, (b) Aracataca, (c¢) Frio,
(d) Gaira, (e) Palomino, and (f) Rancheria rivers. Dark arrows enclosed in the significant regions (thick black contours) represent the angle-
phase relationships. For explanation of types and the statistical significance of such relationships, see Sect. 3.2.

the SNSM are exposed to greater influence from other cli-
mate and atmospheric drivers, particularly variations in sea
level pressure (SLP) and sea surface temperature (SST) of
the Caribbean Sea (Enfield and Alfaro, 1999).

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

Our results also underscore the role of overlapping os-
cillations in generating extreme streamflow rates, as noted
in other studies (Labat, 2008; Brabets and Walvoord, 2009;
Rood et al., 2016; Valdes-Pineda et al., 2007), especially dur-
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Figure 7. XWT and WTC between PDO and the (a) Fundacion, (b) Aracataca, (c¢) Frio, (d) Gaira, (e¢) Palomino, and (f) Rancheria rivers.
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the statistical significance of such relationships, see Sect. 3.2.

ing periods in which the low-frequency oscillations exhibited fication of the hydro-climate signal, depending on the phase
their maximum power (1998-2002 and 2008-2012) (Figs. 1, of the different oscillatory components. Overlapping oscilla-
2,4 and 5). This indicates that the superimposition of differ- tions can also lead to a time shift. Low-frequency oscillations
ent frequency signals can lead to the attenuation or intensi- seem to play an important role in the intensification (attenu-
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2.6

C8

ation) of the annual and inter-annual signals in SNSM rivers.
The Frio and Aracataca rivers experienced maximum peak
streamflows in 1998 (59.4m?s™!) and 2002 (97.6m3s™1),
respectively. These values are between 4 and 5 times the
inter-annual monthly average (Fig. 1). During those periods,
these rivers exhibited simultaneous high-power oscillations
in the semi-annual, annual, inter-annual and quasi-decadal
bands (Figs. 2 and 4). By contrast, between 1969 and 1970,
when low-frequency oscillations exhibited low strength, and
high-frequency oscillations exhibited relatively high power
(Figs. 2 and 4), the maximum recorded streamflow was just
38.9m3s~! in the Frio River and 62.3m?s~! in the Aracat-
aca River (Fig. 1). These values represent substantially lower
peaks compared to high values observed after the 1990s.
Other results also highlight the amplification/attenuation ef-
fect of low-frequency oscillations, particularly on the inter-
annual signal. In most rivers, the inter-annual signal inten-
sified after 1995, which coincides with an increase in low-
frequency oscillations (Figs. 2 and 4). The maximum inten-
sity of the inter-annual signal, which occurred between 1998
and 2002 in most rivers, also coincides with the interval
of greater intensity of the quasi-decadal signal (1998-2005)
(Fig. 2). Streamflow rates also exhibit inflection points in
their trends between the 1990s and 2000s, a period that
also coincides with the increase in the amplitude of low-
frequency oscillations (Fig. 4). These results show that the
superposition of climatic—oceanographic signals, particularly
the modulation of the effects of the interannual signal due
to phase changes in long-period signals, is a key element
within the occurrence of extreme events at sub-regional scale
(i.e., Steinman et al., 2014; Shi et al., 2017; Murgulet et al.,
2017; Su et al., 2018).

5.2 Role of major oceanographic—atmospheric drivers

Low-frequency oscillations were identified in this study as a
source of significant streamflow variability in SNSM rivers
(Figs. 2-5 and Table 4). Such oscillations might be associ-
ated with climatic—oceanographic drivers, whose modes of
variability include quasi-decadal or higher oscillations. The
PDO, AMO and TNA are among the most important fac-
tors that influence long-term streamflow variability in these
rivers (Figs. 6-8 and Supplement). These indices exhib-
ited relatively high spectral correlations (WTC and XWT)
with streamflow starting in the 1980s, particularly in the
low-frequency bands (> 96 months). Spectral correlations
for PDO were more intense and steady throughout the en-
tire SNSM region (Fig. 6), whereas the spectral correlations
for AMO and TNA were relatively lower and dispersed,
also showing differences between rivers from the western
and eastern slopes (Figs. 6 and 7). Maximum power for
these spectra occurred in periods during which there were
phase changes for such indexes. For example, between 1995
and 2002, when all main oscillatory components exhibited
high power and large oscillations (Figs. 2 and 4-5), the
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AMO and TNA shifted from a negative phase to a posi-
tive phase, and the PDO shifted from a warm phase to a
cold phase (Fig. 9). These results suggest a relation between
changes in these climatic—oceanographic indexes and long-
term streamflow variability, indicating that these watersheds
are sensitive to changes in the background climate state. Fur-
thermore, power and phase relationships between streamflow
and different indices (Figs. 6-8) were relatively steady for
low frequencies (i.e., > 96 months) but unstable and dis-
perse for high frequencies (i.e., < 96 months). Such differ-
ences in these patterns suggest that during longer periods,
streamflow might be modulated by the slow change in the
climate background state, whereas during shorter periods,
the streamflow is controlled not only by large-scale ocean—
atmosphere patterns, but also by local short-term phenom-
ena. This result highlights, once again, the significant effect
of the superposition of signals of different frequencies on the
streamflow variability (e.g., Pasquini and Depetris, 2007; La-
bat, 2010; Steinman et al., 2014; Murgulet et al., 2017; Shi
et al., 2017). For the lower frequencies, in both the XWT
and WTC analyses, the phase relationship exhibited a stable
phase lag inside the significance common power regions for
each river (Figs. 6-8). Such a consistent varying phase lag
implies a phase-locked relationship and suggests a physical
link (i.e., not a casual relationship) between the streamflow
variability and each of the climatic—oceanographic indices
(Grinsted et al., 2004; Labat, 2005). Outside areas with sig-
nificant power the phase relationship changed (Figs. 6-8).
We therefore speculate that despite the relatively strong link
between streamflow and these indices at specific frequencies
(low) and temporal windows (Figs. 6-8), these relationships
are highly nonlinear and non-stationary, depending heavily
on the phase experienced by these oscillations and their dy-
namic feedback processes (e.g., Battisti and Sarachick, 1995;
Enfield and Alfaro, 1999; Garreaud et al., 2009). Differences
in spectral correlations between rivers from the western and
eastern slopes, and observed differences in phase relation-
ships, indicate that further research is required to draw con-
clusions about the specific drivers of low-frequency variabil-
1ty.

Studies of the effects that these phenomena (PDO, AMO
and TNA) have on the hydroclimatology of the Caribbean
and South America are relatively recent (Robertson and Me-
choso, 1998; Enfield and Alfaro, 1999; Tootle et al., 2008;
Labat, 2010; Arias et al., 2015; Coérdoba-Machado et al.,
2016; Valdes-Pineda et al., 2007). Although robust hypothe-
ses have been put forth regarding the physical relation be-
tween the PDO (Poveda, 2004), the AMO (Arias et al.,
2015) and the TNA (Enfield and Alfaro, 1999) and the cli-
mate of northwestern South America, the physical mecha-
nisms by which these phenomena influence the hydrology
at low-frequency scales remain elusive. Understanding the
specific physical links between streamflow variability and
these climatic—oceanographic indices is beyond the aim of
this study. Nevertheless, we believe these mechanisms may

Hydrol. Earth Syst. Sci., 23, 1-22, 2019

relate to SST gradients between the Pacific and Atlantic
oceans. According to Enfield and Alfaro (1999), anoma-
lous Atlantic SSTs might not be sufficient to promote hy-
drologic anomalies when the Pacific is also warm, as oc-
curs during ENSO warm phases. They concluded that op-
posite SST anomalies in the tropical North Atlantic and
the eastern Pacific are linked to increased precipitation and
streamflow variability over northwestern South America and
the Caribbean. Anomalously high streamflows in northwest-
ern South America are promoted by strengthened northeast-
erly trade winds, accelerated cross flow over the Caribbean,
and strong SST gradients between the eastern Pacific (low)
and tropical North Atlantic (high). Since the mid-1990s, the
Atlantic Ocean and the tropical North Atlantic have been
warmer (Fig. 9), favoring the occurrence of such rainfall-
enhancing mechanisms. These circulation features reflect
the southward displacement of the ITCZ and positive SOI
anomalies, which in turn are strengthened by SST-positive
gradients along the tropical North Atlantic and eastern Pa-
cific. Such a physical link provides a reasonable explanation
for the process of amplification/attenuation of streamflow re-
vealed by spectral analysis. The possible connection between
this low-frequency mode of variability and external forcings,
and their influence on a regional scale, warrants further anal-
ysis.

Previous studies have shown extremely low correlations
between low-frequency phenomena, such as PDO, AMO,
and TNA, and streamflow variability of rivers in northwest-
ern South America, suggesting minimal effects on regional
hydrology (Gutiérrez and Dracup, 2001; Tootle et al., 2008;
Coérdoba-Machado et al.,, 2016). Those studies, however,
used (1) databases with a strong bias towards rivers of the
Pacific and Andean regions, where the influence of ENSO
is dominant, (2) databases with no rivers in the SNSM,
(3) data on SST primarily from the southern Atlantic Ocean,
thereby leaving out regions covered by the AMO, PDO
and TNA, (4) estimates of seasonal averages for climatic—
oceanographic indices, thus reducing amplitude anomalies,
especially for low-frequency oscillations, and (5) linearity
for time-series analysis, which is not entirely suitable for de-
tecting hidden signals in non-stationary data such as stream-
flow and climatic—oceanographic indices. Our study, on the
other hand, highlights the significant role of low-frequency
oscillations in the hydrological variability of rivers from the
SNSM and their potential linkage with large-scale phenom-
ena such as the AMO, PDO, and TNA. Studies using sim-
ilar approaches have also found such relationships in other
regions of South America (Labat et al., 2005; Pasquini and
Depetris, 2007; Labat, 2010; Restrepo et al., 2014; Valdes-
Pineda et al., 2007).
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Figure 9. Monthly values of Atlantic Meridional Oscillation (AMO), Pacific Decadal Oscillation and Tropical North Atlantic Index (TNA)
anomalies (1951-2015). Colored boxes highlight the last shift in the phase of these indexes.

6 Conclusions

Low-frequency oscillations (> 8—12-year) play a significant
role in the hydrological variability of rivers in the SNSM.
These oscillations did not just exhibit an increase in ampli-
tude, but also became more pronounced and recurrent after
about 1995. In most of the studied rivers, the amplitude of
low-frequency components was comparable to or even higher
than the amplitude exhibited by the inter-annual component,
which has been considered previously as the main driver of
streamflow variability in northern South America at a re-
gional scale. Low-frequency oscillations constitute at least
a second-order variability source in these rivers, surpassed
in some cases only by oscillations associated with the an-
nual band. Although intra-annual to quasi-biennial modes
provide the highest proportion of the global energy spec-
trum in all rivers (between 43.6 % and 83.8 %), the contribu-
tions from low-frequency modes are > 12 % and reach 51 %
in the Aracataca River, indicating an active effect of such
low-frequency oscillations in the streamflow variability at a
sub-regional scale in northern South America. Such an effect
deserves further studies.

Periods of intense hydrological variability, in which ex-
treme flows occurred, such as those experienced in 1988—
1989, 1998-2000 and 2010-2011, were characterized by the
simultaneous occurrence of relatively high-power signals, in-
cluding low-frequency bands. In addition, the strengthening
of the inter-annual signal after 1995, the occurrence of its
maximum intensity between 1998 and 2002, and the occur-
rence of inflection points in the streamflow trends between
the 1990s and 2000s coincide with the increase in the am-
plitude of low-frequency oscillations and with the interval of
its greatest signal power (1998-2005). Results suggest that
streamflow variability is largely dependent on the modula-
tion of low-frequency oscillations. Overlapping of different

www.hydrol-earth-syst-sci.net/23/1/2019/

frequency signals can lead to intensification or attenuation
of the hydro-climatological cycle, depending on the phase of
the different oscillatory components. This pattern highlights
the importance of the interaction of different frequency sig-
nals and their phase-shifting interactions for the streamflow
variability of these rivers.

Previous studies have shown a very low correlation be-
tween low-frequency phenomena and streamflow variability
in northwestern South America, suggesting minimal effects
on regional hydrology. The sub-regional-scale approach and
the statistical spectral analysis of this study allow us to iden-
tify and estimate a significant contribution of low-frequency
oscillations in the streamflow variability of the SNSM rivers.
Such oscillations, identified as a source of significant stream-
flow variability in the SNSM rivers, are associated with large-
scale climatic—oceanographic drivers, with modes of vari-
ability that include quasi-decadal or higher oscillations. The
XWT and WTC spectra show that the AMO, PDO and TNA
are correlated and coherent with river streamflow at different
timescales. These indices exhibited relatively high spectral
correlations with streamflow starting in the 1980s, particu-
larly in the low-frequency bands (> 96 months). Spectral cor-
relations for PDO were more intense and steady throughout
the entire SNSM region, whereas the spectral correlations for
AMO and TNA were relatively lower and dispersed, showing
differences between rivers on the western and eastern slopes.
Maximum power for these spectra occurred in periods during
which there were phase changes in such indexes, suggesting
a link between the shift of these climatic—oceanographic in-
dexes and changes in long-term streamflow variability. The
physical link between these indexes and hydrologic variabil-
ity in northwestern South America might be related to SST
and SLP gradients between the Atlantic and Pacific oceans.
The physical connection between this low-frequency mode
of variability and external forcings warrants further analysis.
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Our study highlights the significant role of low-frequency
oscillations in the hydrological variability of rivers in the
SNSM and potential linkages with large-scale phenomena
such as PDO, AMO and TNA. We hypothesize that the lo-
cation and the physiography of these watersheds (i.e., prox-
imity to the Caribbean Sea, direct exposure to the trade
winds and the North Jet Stream, small drainage basins, low
basin storage capacity and high relief) make rivers more ex-
posed to sea level pressure (SLP) and sea surface tempera-
ture (SST) anomalies, particularly from the Atlantic Ocean
and the Caribbean Sea. Further work is necessary to exam-
ine the role of these watershed properties, and others such
as baseflow index and groundwater residence time, in estab-
lishing the relation between low-frequency oscillations and
streamflow variability.
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