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Abstract

In this paper, we sought to investigate the spatial and temporal variability of the global sea surface temperature in the 1884-2014
period, through wavelet analysis. Results for tropical, subtropical, and extratropical areas indicate important oscillations in the 1—
12-month and 1-2-, 2-4-, 4-8-, and 8—12-year spectral ranges, as obtained in other studies which used regional mean SST values
instead of global gridpoint data with 2.5° resolution, as used in this study. The intraseasonal (1-12 months) and interannual (1
2 years) oscillations are much more evident in the tropical latitudes. On the other hand, lower frequency oscillations (2—4, 4-8,
and 8—12 years) are more dominant away from tropical regions. The faster oscillation scale (1-12-month and 1-2- and 2—4-year
spectral ranges) SST variance presents negative trends throughout the entire period, while the values associated with the slower
oscillation scales (4—8- and 8—12-year spectral ranges) present increasing trends. The reversal of trends for distinct SST spectral
ranges over the whole period suggests energy exchanges between distinct oscillatory phenomena. In addition, the energy increase
of slower frequencies suggests the prolonged settlement of low-frequency climatic patterns in the future, providing more inertial
climatic patterns. The strongest diminishing values of SST variance associated with the higher frequency oscillations were
observed in the Atlantic oceanic basins. The strongest increasing values for the lower oscillations, mainly related to the 2—4-
and 4-8-year spectral ranges, were observed in the Pacific basins. In general, the Pacific basins are closely correlated with the
global mean (0.55 < <0.92), compared with the Atlantic (0.31 <7 <0.75) and Indian (0.12 < <0.56) basins.

1 Introduction

Intraseasonal, interannual, and decadal variabilities are impor-
tant scales used to characterize climatic phenomena and they
are frequently studied through spectral analysis. In this study,
we seek to understand the global distribution of sea surface
temperature mainly in interannual and decadal spectral bands
through wavelet analysis. Considering multiple variables,
spectral analysis allows us to construct connections between

P4 Carlos Batista Silva
krlosbatist@ gmail.com

P4 Maria Elisa Siqueira Silva
mariaelisa.siqueirasilva@gmail.com

D4 Nisia Krusche
nkrusche.furg @gmail.com

D4 Tércio Ambrizzi
ambrizzi@model.iag.usp.br

P4 Nelson de Jesus Ferreira
nelson.ferreira@ cptec.inpe.br

P4 Pedro Leite da Silva Dias
pedro.dias@iag.usp.br

them and, thus, connections between distinct phenomena.
Besides Fourier analysis, wavelet transform has been used in
many studies in atmospheric sciences as a way to discover the
temporal variation of associated spectral energy (e.g., Farge
1992; Weng and Lau 1994; Lau and Weng 1995; Mak 1995;
Gu and Philander 1995; Torrence and Compo 1998; Torrence
and Webster 1999; An and Wang 2000; Minobe et al. 2002;
Newman et al. 2003; Kayano and Andreoli 2004; Andreoli
and Kayano 2004; Janicke et al. 2009), which is important in
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atmospheric studies, considering their dynamical character.
The temporal variability of specific frequencies constitutes
the most important aspect of wavelet analysis. The under-
standing of temporal variation of particular frequencies is es-
pecially important for climatic studies, as pointed out by many
authors, e.g., Torrence and Compo (1998), Whitcher et al.
(2000), Vitorino et al. (2006), Minobe et al. (2002), Kayano
and Andreoli (2004), and Andreoli and Kayano (2004).
Besides the spectral variation in time, Torrence and Webster
(1999) indicate another advantage of the wavelet technique
referring to the study of phase change for nonstationary vari-
ables. They analyzed interdecadal changes in the El Nifio/
Southern Oscillation (ENSO)-Indian Monsoon in the last
125 years. Oscillations of 2—7 years, classified as higher fre-
quency, were identified during the 1875-1920 and 1960—
1990 periods, while oscillations of lower frequency were
identified in the 1920-1960 period. The wavelet applica-
tion to atmospheric and climatic studies considers single
time series without taking into account the spatial dimen-
sion, as shown in the studies carried out by Farge (1992),
Lau and Weng (1995), Mak (1995), Kumar and Foufoula-
Georgoiu (1997), Torrence and Webster (1999), An and
Wang (2000), Kayano and Andreoli (2004), Andreoli and
Kayano (2004), and Vitorino et al. (20006).

An and Wang (2000) identified changes in the dominant
ENSO scale oscillation with SST data in the Nifio 3.4 region:
varying from 2 to 4 years, in the period 1962—-1975, to 4—
6 years, in the following 1980—1993 period. The authors argue
that the energy exchange from higher to lower frequencies
suggests a significant change in the ENSO structure.

Kayano and Andreoli (2004) investigated the link between
the Northeastern Brazil precipitation, north and south equato-
rial Atlantic SST, and the sea level pressure from the North
Atlantic Oscillation region, in decadal scale (9—12 years), for
the period 1871-1991, through wavelet and partial correlation
analysis. The authors concluded that the decadal precipitation
variability over Northeast Brazil can be associated with the
Pacific Decadal Oscillation (PDO) and the North Atlantic
Oscillation (NAO) (both decadal oscillations).

In order to investigate the spatial behavior of submonthly
and intraseasonal convection variability over South America
and adjacent areas, Vitorino et al. (2006) applied wavelet
transform to longwave radiation and relative vorticity data
for the 1979-1996 period and indicated the intraseasonal scale
prevalence for tropical convective processes, observing im-
portant oscillations for the 7—15-day scale, associating them
with extratropical convection during spring and winter, and
also with greater energetic intensity during spring and winter
in tropical areas while subtropical and extratropical areas pre-
sented higher energy during winter and autumn.

Although several studies have been made in the last decades
to identify important spectral ranges associated with climatic
behavior, as previously mentioned, they did not give detailed
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attention to the spatial distribution over the globe obtained from
this technique and its respective temporal evolution.
Accordingly, and with recognition of the importance of ocean
variability in the climate characterization (Walker and Bliss
1932; Troup 1965; Bjerknes 1969; Horel and Wallace 1981;
Karoly 1989), it is proposed here to analyze the temporal and
spatial distribution of global sea surface temperature spectral
energy between 1884 and 2014, obtained from wavelet trans-
form. This analysis allows the identification of the possible
trends and climatic variability of phenomena on distinct scales,
both globally and regionally, in the oceanic basins.

2 Data and methods

The wavelet transform is applied to monthly SST data, for the
period 1854-2014, globally distributed. SST data with 2.0° of
spatial resolution were acquired from the System Research
Laboratory—ESRL, NOAA (http://www.esrl.noaa.gov/psd/
data/gridded/data.noaa.ersst.html). A full description of
NOAA'’s SST dataset characteristics is given in Kaplan et al.
(1998). The use of wavelet analysis was motivated by the
interest in the analysis of distinct spectral ranges (Flandrin
1988; Weng and Lau 1994; Torrence and Compo 1998;
Setoh et al. 1999), particularly for SST data, and taking on
the nonstationary climate characteristic. Before applying the
wavelet transform to SST monthly data, the linear trend and
seasonality were removed from the SST time series. The sea-
sonality was removed by removal of the climatological
monthly mean, keeping just the interannual variability of the
annual cycle.

The wavelet transform is a mathematical technique used in
the detection of temporal structure of multiscale variations,
into a specific finite and nonstationary data time series (Lau
and Weng 1995). This technique has the property of
transforming a one-dimensional into a two-dimensional time
series, in the time-frequency domain, allowing for the obser-
vation of dominant oscillation modes in time. The main wave-
let functions are composed of small waves generated by dila-
tation (a) and translations (b) of a simple function 1) (#). The
wavelet transform can be represented by different functions:
Morlet, Paul, Dog (Torrence and Compo 1998), Haar (Weng
and Lau 1994), Meyer (Mak 1995), and Daubechies
(Daubechies 1990), among others. The Morlet function was
used here (Morlet 1983). This wave is modulated by a

Gaussian envelope, () = eiW°’764, where 7 =1/s, t is time,
s the wavelet scale, and wy the nondimensional frequency. The
wavelet transform in each scale is normalized by s '/
allowing the comparisons between the results. The wavelet
variance or the associated energy is given by E = [t/ 5]’
The results shown constitute the absolute values of SST
variance (or, in other times, its respective temporal anomaly)
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for each spectral range. The first 360 months was removed
from the results in order to avoid secondary effects of the
Morlet function decay (Weng and Lau 1994; Kaplan et al.
1998; Vitorino et al. 2006). Additionally, the reconstructed
SST data from 1856 to 1900 presents very high standard de-
viation in relation to the rest of the time series, as indicated by
Kaplan et al. (1998), which was another reason for eliminating
the initial period.

The resulting analyses were made for specific spectral
ranges: 1-12 months, 1-2 years, 2—4 years, 4-8 years, and
8-12 years. These ranges were selected based on initial spec-
tral tests for specific oceanic areas, tropical (23.5° N-23.5° S),
subtropical (23.5° N-66.3° N; 23.5° S-66.3° S), and
extratropical (66.33° N-90.0° N; 66.3° S-90.0° S) latitudes,
both for the Southern and Northern Hemispheres, for distinct
ocean basins. The scientific literature (Torrence and Compo
1998; Torrence and Webster 1999; Setoh et al. 1999; Kayano
and Andreoli 2004; Andreoli and Kayano 2004) also corrob-
orates the selection of the specific spectral ranges adopted
here. Animation of global SST variance during the selected
period allows us to depict the more significant areas for each
spectral range. The videos can be accessed at the link http://
krlosbatist.wixsite.com/meusite.

The wavelet transform was separately applied to each grid
point, and the resulting variance was then spatially analyzed,
allowing for the evaluation of the spatial-temporal evolution.
The software used for the SST variance computation (written
in Fortran) is based on that developed by Torrence and Compo
(1998) and can be found at http://paos.colorado.edu/research/
wavelets/. We adjusted the program to compute the spectral
variance for a spatial matrix instead of one single time series.
The results were obtained for the spectral ranges previously
defined for three distinct spatial domains: global, hemispheric,
and specific oceanic basins, North Atlantic (75° W—10° E and
0-90° N), South Atlantic (70° W—20° E and 0-90° S), North
Pacific (80° W—120° E and 0-90° N), South Pacific (80° W—
140° E and 0-90° S), and Indian basin (40° E-120° E and 20°
N-90° S). In general, all SST variance values are presented as
anomalies in relation to the whole period (1884—-2014) just to
make visualization easier. Additionally, the SST variance
trend during the whole period for each spectral range was
analyzed to verify a possible energy transference between
phenomena of different scales. A statistical significance test
was applied to the energy values as suggested by Torrence and
Compo (1998).

3 Results and discussion

The results are displayed in two distinct sections. Section 3.1
presents the global spectral behavior for large oceanic areas
(tropical, subtropical, and extratropical) in order to show the
more significant spectral ranges. Section 3.2 shows the time

evolution of the SST variance globally averaged, for each
hemisphere and for each oceanic basin, as described in the
previous section.

3.1 Global SST spectral variance for tropical,
subtropical, and extratropical areas

Spectral power and the respective SST variance (wavelet re-
sults) applied to tropical, subtropical, and extratropical areas,
for the 1854-2014 period, are displayed in Fig. 1. In general,
tropical and subtropical areas (Fig. 1(a—d)), both in the
Southern and Northern Hemispheres, show higher energy
for lower frequencies (oscillations of 4 years or more), while
extratropical areas (Fig. 1(e, f)) show important high energy
for higher frequencies (oscillations with periodicities between
1 and 2 years). This aspect is also seen in the temporal SST
variance graphics (left side in Fig. 1). Tropical Northern
Hemisphere SST shows strong energy for the 8—16 spectral
range (Fig. 1(b,)), which is not observed in the Southern
Hemisphere (Fig. 1(a,)).

El Nifio-South Oscillation (ENSO), Indian Oscillation
Dipole (IOD), Indian Ocean basin-wide (IOBW), and the
Tropical Atlantic Meridional Gradient constitute well-known
tropical variability modes and are examples of climatic phe-
nomena associated with the results shown in Fig. 1(a, b). The
ENSO, since the beginning of the 1980s, has been classified
as very low-frequency phenomena (characterized by oscilla-
tions of 4-6 and 47 years), whereas in previous periods, such
as in 1963-1975, the ENSO showed a higher frequency, with
a characteristic oscillation period between 2 and 4 years, as
mentioned by An and Wang (2000). The IOD is an interannual
variability mode, with a period of between 2 and 5 years (Saji
et al. 1999; Webster et al. 1999; Yamagata et al. 2003) char-
acterized by nonperiodic Indian SST oscillations, presenting
positive and negative phases (Saji et al. 1999). The intense
warming of tropical waters in the Indian Ocean, with a max-
imum temperature peak in the beginning of springtime,
known as IOBW, is characterized by a 3-year oscillation
(Chu et al. 2014). Saji and Yamagata (2003) and Latif and
Barnett (1995) raise the question about the ENSO participa-
tion as crucial factor for the IOBW occurrence, showing an
apparent interconnection between tropical physical modes of
different frequency scales. The Tropical Atlantic Meridional
Gradient is commonly associated with decadal (~10 years)
(Carton et al. 1996; Wagner 1996; Kayano and Andreoli
2004) and interannual (2-5 years) (Carton et al. 1996) SST
variabilities and is responsible for wet and dry periods in the
north of South America and the Caribbean (Nobre and Shukla
1996). The contributions by Wagner (1996) illustrate the
prominent decadal scale control mechanism in the building
up of the tropical meridional gradient. The mentioned studies
corroborate the main characteristics of the temporal variability
represented in Fig. 1.
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In subtropical areas, both for the Northern and Southern
Hemisphere (Fig. 1(c, d)), we verify less significant SST var-
iance for spectral ranges of relatively higher frequencies com-
pared with the variance in tropical areas for the same spectral
ranges (Fig. 1(a, b)). In general, the most energetic spectral
ranges in subtropical areas are those related to oscillations of
7—16 years, for the Southern Hemisphere, and 4-9 years, for
the Northern Hemisphere. Oscillations with periodicities
greater than 16 years, in both hemispheres, show high energy
values which are not statistically significant.
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Several studies have also documented the interdecadal cli-
mate fluctuations in the Pacific basin (Francis and Hare 1994,
Hare and Francis 1995; Latif and Barnett 1994, 1996 and
Zhang et al. 1997), highlighting the PDO, which is defined
by the leading mode of empirical orthogonal function (EOF)
applied to monthly anomalies of sea surface temperature in the
Pacific Ocean poleward of 20° N (Davis 1976; Mantua et al.
1997). The PDO is characterized as a climatic mode of very
low frequency with periodicities of 15-25 years (Mantua and
Hare 2002). The positive PDO phase is characterized by
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positive SST anomalies over the central-eastern Pacific,
spread over the southwestern coast of North America, while
the negative phase is characterized by the opposite spatial
pattern (Mantua et al. 1997). Since 1901, the PDO has been
characterized by two complete cycles: the positive phases con-
stitute the periods 1925-1946 and 1977-1996, and the negative
phases, the periods 1900-1924 and 1947-1976. From 1998 to
2014, negative PDO signs were more frequent (http://research.
jisao.washington.edu/pdo/).

The extratropical areas of both hemispheres show more
significant oscillations of around 1 year. Oscillations with a
period longer than 16 years, though outside the influence
cone, show a high SST variance values in extratropical re-
gions (Latif and Barnett 1994, 1996; Hare and Francis 1995;
Mantua et al. 1997; Minobe 1997; Zhang et al. 1997;
Gershunov and Barnett 1998; Mantua and Hare 2002).
Considering the results in the literature and the spectral ranges
with the highest energy identified here, it was decided to in-
vestigate the behavior of the following spectral ranges: 1—
12 months, 1-2 years, 2—4 years, 4-8 years, and 812 years.

3.2 Temporal evolution of global SST variance

The temporal evolution of global mean SST variance obtained
for each spectral range, as indicated in Fig. 2, presents distinct

0.12
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Values are normalized by < T
standard deviation. Intense El 3 0
Nifio and La Nifia events (Huang b5y 20.02
et al. 2015) are respectively 5
marked by red and blue arrows — 008
% -0.06
-0.08
0.12 -
& 0.1
& o008
20,06
<
g oo
2
= 0.02
28 0
5)
g -0.02
— -0.04 -
B 006 -
-0.08
&

averages and standard deviation (sd) values in the period
1884-2014. SST oscillations of 1-12 months and 1-2 years,
classified here as high-frequency ranges, present the lowest
amplitude values if compared with the remaining ranges.
SST variance presents global standard deviation equal to
0.024 and 0.015, respectively, for the 1-12-month and 1-2-
year ranges. The 2—4-, 4-8-, and 8—12-year ranges present
greater standard deviation values, respectively, equal to 0.34,
0.04, and 0.034.

3.2.1 Oscillations of 1-12-month periods

SST variance values for the 1—12-month spectral range show
continuous significant decreasing values during the period
1884-2014, while the SST variance for the 4-8- and 8-12-
year spectral ranges shows increasing values. One possible
question that arises has to do with the energy exchange be-
tween different scales. Raupp and Silva Dias (2006) showed
energy exchanges between distinct waves forced by the geo-
strophic mode, based on resonant interactions between equa-
torial waves and the tropical diurnal heat source, suggesting
that diurnal variations in tropical convection can play an im-
portant role in the low-frequency atmospheric circulation.
More recently, Ramirez et al. (2017) developed a simplified
multiscale atmosphere-ocean coupled model for the tropical
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interactions between synoptic, intraseasonal, and interannual
scales. This paper demonstrates that the intraseasonal
timescale is connected to the fast equatorial synoptic and
slow interannual timescales on the interannual and even
longer timescales. These theoretical results support the
present observational results ensuring a theoretical basis for
the energy exchanges between distinct spectral ranges. Farge
(1992) also discusses the energetic exchanges between higher
and lower frequency oscillations though he concentrates on
turbulent circulation. Therefore, considering the linear trends
shown in Fig. 3 and looking to the future, oscillations with
periodicities of 4-8- and 8—12-year ranges may be associated
with more energy in a future climate.

Positive and negative SST variances are usually associated
with the occurrence of El Nifio (EN) and La Nifia (LN) events,
which are indicated by red and blue arrows, respectively, in
Fig. 2. During the whole period, EN event occurrence (35%)
is in general more closely associated with maximum SST
variance (1-12-month spectral range) than LN (25%) which
is associated with minimum SST variance. Among all the
considered SST frequency ranges, the 1-2-year spectral range
seems to provide the best adjustment to the EN and LN
periodicity of the total number of registered EN and LN
events with 62.5 and 35% of the events, respectively, oc-
curring concomitantly with energy peaks and lows, be-
tween 1884 and 2014. The SST variance peaks and lows
observed in the 1-12-month spectral range are also firmly
associated with EN and LN events, showing similar per-
centages of 55 and 42%, respectively, as in the values re-
ported by Huang et al. (2015). The peaks and lows ob-
served in the 2—4-year spectral range SST variance show
similar percentages to the EN and LN events of 37.5 and
18%, respectively. For all considered spectral ranges, LN oc-
currence is not closely associated with minimum values of the
SST variance, though, in particular cases, such as in 1970 and
1988-1989, LN events can be closely associated with the
minimum SST variance values, as seen in Fig. 2.

Considering all the oceanic basins together, the SST vari-
ance linear evolution for the 1-12-month spectral range shows
a negative trend in the whole period, as seen in Fig. 3. Taking
the oceanic basins separately, as shown in Fig. 4, the North
and South Atlantic are the basins showing the strongest de-
crease in the period. The physical interpretation of the linear
trend is that higher frequency (intraseasonal) oscillations have
become less energetic during the analyzed period in all oce-
anic basins, with varying intensities.

The time evolution of the 1-12-month spectral range SST
variance (Fig. 5) of the North Pacific and the North Atlantic
basins is the most linearly associated with the global mean,
with linear correlation values of 0.75 and 0.48 (Table 1), re-
spectively. The South Pacific and the Indian basins show the
lowest linear correlation values for the 1-12-month spectral
range (0.55 and 0.56, respectively), probably resulting in their
lower strength in the global mean for this spectral range.

Differently from the energy in other basins, the North
Pacific and South Atlantic energy related to the 1-12-month
spectral range increases during the first half of the total period
and decreases, like the remaining basins, in the second half, as
seen in Fig. 6. The linear correlation increases between the
global SST variance for the 1-12-month spectral range and
the respective values for the Indian and the South Atlantic
basin, from the first to the second halves of the time series,
indicating that these specific basins may be becoming more
associated with the North Pacific oscillations and also that the
North and the South Pacific are becoming more influential in
terms of global energy.

3.2.2 Oscillations of 1-2-year periods

Considering the SST variance for the 1-2-year spectral range,
both the North and the South Pacific are the oceanic basins
which are mostly linearly associated with the global mean,
with correlation values equal to 0.73 and 0.79, respectively,
as shown in Table 2. The remaining oceanic basins present

Fig. 3 Global mean SST variance 0,04 = =(1-12m0)
linear trends during 1884-2014 0.03 e (1-2yn)
for the spectral ranges: 1— S - —(2-4y1)
12 months (dashed red line), 1— 002 Sso - - E;ji’?{)
2 years (dotted gray line), 2— o Sso -
4 years (continuous black line), 8 0.01 Seo -
4-8 years (continuous red line), il 012000 erennnn...... SN
and 8-12 years (black dashed D e —— S eEmemmT ST
line) g 00] F====""""""" ) - —
o Seo
5 002 e
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Fig. 4 Linear trend of SST 0,05 — North Atlantic
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very low correlation values (|| < 0.16) in relation to the global
mean for oscillations of 1-2 years. This aspect (Table 2) can
also be seen through Fig. 7 (by the continuous and dotted
black lines representing the South and the North Pacific, re-
spectively). In other words, the Pacific Ocean oscillations of
1-2-year period are much more important globally in relation
to the other oceanic basins, at least in a linear approach.

Focusing on ENSO events, the North and South Pacific 1—-
2-year spectral range oscillations show high linear correlation
with global mean values during EN periods, as seen in Fig. 7,
which should be, at a certain level, an expected result once we
are dealing with 1-2-year oscillations that are in agreement
with the scientific literature of ENSO variability (Rasmusson
et al. 1990). In order to measure the concomitance between
any ENSO event and the spectral energy from the oceanic
basins, linear correlation computation was taken for specific
periods. Particularly, the 1965-1966 EN event shows high
correlation with almost all oceanic basins, except in the
South Atlantic, suggesting global teleconnection between the
basins, though its intensity was classified as moderate. The
1972-1973 and 1982—-193 EN events show higher correlation
values with the North Pacific, South Pacific, and South
Atlantic, and the 1997-1998 EN events show higher correla-
tion values only with the North and South Pacific (Table 3).
The LN 1970-1971 period shows high correlation values with
all oceanic basins except the South Atlantic, and the 1988—
1989 LN event shows high correlation values only with the
South Atlantic. The specific periods selected here such as El
Nifio (1972/1973, 1982/1983, and 1997/1998) were classified
as strong events (Jin etal. 2001, 2003; An and Jin 2004; Wang
and Picaut 2004; Okumura and Deser 2010).

EN and LN events are associated with high and low SST
spectral energy considering the increasing values of SST var-
iance for lower frequency oscillations (4—8- and 8—12-year
spectral ranges) and its decreasing for higher frequency oscil-
lations (1—12-month and 1-2- and 2—4-year spectral ranges)
over the total period of 18842014, as shown in Fig. 3 (as also
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shown in Tables 1, 2, and 4). The years 1965, 1973, 1983, and
1997, characterized by strong EN events, are marked by high
SST energy values in the 1-2-year spectral ranges, as seen in
Fig. 7. On the other hand, the 1970-1971 periods and 1988—
1989, characterized by LN events, have minimum SST energy
values. From the 23 ENSO events observed between 1950 and
2010, defined by the Oceanic Nifio Index—ONI, 11 are asso-
ciated with the 1-2- and 2—4-year spectral energy, seven are
associated with the 1-12-month spectral range, and five are
more associated with 4-8-year spectral energy, as seen in
Table 4.

3.2.3 Oscillations of 2-4-year periods

The South and North Pacific are the basins presenting the
highest correlation values with the global mean SST energy
for the 2—4-year spectral range, 0.86 and 0.91, respectively,
similar to the 1-2-year spectral range energy previously
shown. This strong association indicates that the global ener-
gy, relatively to the 2—4-year oscillations, is mostly defined by
the Pacific basins (Latif and Barnett 1994; Gu and Philander
1997). During the whole period, 1884-2014, we detect three
large subperiods characterized by multidecadal variability, as
shown in Fig. 8: 1884—-1895 and 1964-2014, marked by
higher energy, and 1906—-1963, marked by lower energy
(SST variance values are displayed as an anomaly for easier
visualization).

It is interesting to note that the 2—4-year spectral range SST
variance in the North and South Pacific basins, between 1906
and 1963—the middle of the whole period—presents mini-
mum values (1926-1936 and 1944—-1954), while that associ-
ated with the Indian basin presents maximum values (Fig. 8).
This aspect suggests that the Pacific and Indian Oceans pres-
ent, for specific spectral ranges and periods, inverted signals in
terms of SST energy. From 1960 until the present, the strong
inverted signal in these two basins (Pacific and Indian) has no
longer been observed, and they still present the same signal for
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Table 1  Linear correlation between the global mean and oceanic

basins 1-12-month spectral range SST variance, for the period 1884—
2014. All the values present statistical significance at the p =0.025
(Student’s # test)

1884-2014 18841949 1950-2014
North Atlantic 0.49 0.48 0.30
North Pacific 0.75 0.70 0.76
Indian 0.56 0.30 0.65
South Pacific 0.55 0.50 0.60
South Atlantic 0.64 0.18 0.72
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the last two peaks (after 1993). The changes after the 1960s
and 1970s (Setoh et al. 1999; An and Wang 2000; Wang and
An 2001) are also associated with changes in ENSO patterns
(Wang and An 2001; Kleeman et al. 1999; Fedorov and
Philander 2000) and, as a consequence, in the subtropical
thermocline (Gu and Philander 1995) and atmospheric circu-
lation patterns (Kleeman et al. 1999; Fedorov and Philander
2000; An and Wang 2000; Wang and An 2001). The increase
in the global SST variance after the 1970s is another important
aspect seen in Fig. 8. Based on the multivariate ENSO index
(MEI), Lee et al. (2012) also identified changes in the SST
signal after the 1970s. McPhaden et al. (2006) and Mantua
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and Hare (2002) associated the changes in the ENSO evolu-
tion in the 1970s with the characteristic PDO timescale. Wang
and An (2001), using an ocean-atmosphere coupled model,
showed the association between the changes in the SST signal
in the 1970s, the wind pattern and dynamics changes in the
surface oceanic layer in Pacific areas.

The temporal similarity observed between global SST var-
iance for the 2—4-year spectral range (Fig. 8) and that related to
the North and South Pacific basins for the whole period
(showing linear correlation of »=0.86 and »=0.91, respec-
tively) and also for the particular EN periods 1972-1973
(r>0.99), 1982-1983 (»>0.95), and 1997-1998 (r>0.88)
indicates how the Pacific Ocean is important in the global

Table 2 Idem to Table 1, but for the 1-2-year spectral range. Values
marked by (*) present statistical significance at p = 0.05 (Student’s # test)
1884-2014 1884-1949 19502014
North Atlantic —0.04 0.20* —0.22%
North Pacific 0.73* 0.57* 0.85%
Indian 0.16* 0.28* -0.02
South Pacific 0.80* 0.74* 0.85*
South Atlantic 0.05 0.08 —0.06

1954

time (months)

1958
1962
1966
1970
1974
1978
1982
1986
1990
1994
1998
2002
2006
2010
2014

mean specifically for this oscillation scale (correlation values
are indicated in Table 5). The Atlantic and Indian basins pres-
ent low correlation values for the whole period, and although
some high correlation values are observed for specific EN
events, no persistence is observed in the signal (Table 5).
The period between 1964 and 2014 is marked by high SST
variance values of the 2—4-year spectral range over North and
South Pacific concomitantly with strong EN events 1972—
1973, 1982-1983, and 1997-1998 (Fig. 8) corroborating the
results of various authors (Jin et al. 2001, 2003; An and Jin
2004; Wang and Picaut 2004; Okumura and Deser 2010).

3.2.4 Oscillations of 4-8-year periods

As in the previous spectral ranges analysis, oscillations of 4—
8 years are also considered for the whole period, 1884-2014.
Physically, this spectral range is closely associated to low-
frequency ENSO phenomena (McPhaden 2002). In recent
studies, An and Wang (2000) and Wang and An (2001) char-
acterize the main ENSO variability in the range of 4-6 years,
while Torrence and Webster’s (1999) previous studies charac-
terize them in the range of 2—7 years. ENSO is considered the
most important tropical mode able to influence the atmosphere
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Fig. 7 Mean SST variance for the Global
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Table3  Linear correlation coefficient between the global SST variance for specific El Nifio (1965-1966; 1972—-1973; 1982—1983; 1997-1998)
for the 1-2-year spectral range and mean values for the North and South and La Nifia (1970-1971 and 1988-1989) events are in italics and bold,

Pacific, North and South Atlantic, and Indian basins. Correlation values respectively. (*) identifies significant statistical values for p = 0.05
1884-1949 19502014 1965/1966 1972/1973 1982/1983 1997/1998 1970/1971 1988/1989
North Atlantic 0.20* —0.22* —0.85* 0.26 0.20 -018 —0.80%* —0.66*
South Atlantic 0.07 —0.06 - 040 —0.82% 0.76%* 0.47% —-0.01 0.90*
Indian 0.29* —-0.02 —0.72% -0.26 0.45 -032 —0.85% —-0.51*
North Pacific 0.57* 0.85% 0.99% 0.78% 0.96% 0.62% 0.98* —-0.56*
South Pacific 0.74* 0.85% 0.99% 0.70% 0.96% 0.96%* 0.99* 0.17
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Table 4 Linear correlation coefficient between the SST anomalies over
the equatorial Pacific and the SST variance of the 1-12-month, 1-2-year,
2—4—year, and 4-8-year spectral ranges, separately for El Nifio and La

Nifia periods observed from 1950 to 2010. Statistically significant values
at p=0.01 (Student’s 7 test) are marked by (*)

La Nina El Nifio Freql-12mo Freql-2yr Freq2-4yr Freq4-8yr
Jan/1950-Mar/1951 0.16 0.75% 0.71%* 0.74%*
Apr/1954-Jan/1957 0.30 -0.59 0.62* -0.14
Apr/1957-Jul/1958 0.60 0.67* 0.67* 0.57
Apr/1964-Jan/1965 -0.56 0.60 0.53 —0.63*
Jun/1966—-Apr/1966 -0.37 0.84 -0.78 0.69
Nov/1966-Jan/1970 0.75 -0.42 0.70* -0.49
Jul/1970-Jan/1972 -043 0.64 0.40 0.38
May/1972-Mar/1973 0.66 -0.36 0.714* -0.46
May/1973-May/1975 0.37 -043 —0.45% 0.41
Sep/1976-Feb/1977 0.87* 0.90* 0.89* -0.57
Oct/1977-Jan/1978 0.89* —0.72% 0.80* 0.46
May/1982-Jun/1983 0.91* 0.94* 0.89* 0.94*
Oct/1984—-Sep/1985 -0.60 0.80%* 0.76 0.40
Aug/1986-Feb/1988 —0.69 0.35 -0.57 0.97*
May/1988-May/1989 0.76* —0.71* —0.76* —0.73*
May/1991-Jul/1992 0.61* 0.47 -0.56 0.45
May/1994-Mar/1995 0.82* —0.65 0.67 0.73
May/1997-May/1998 -0.05 0.40 0.63* -0.27
Jul/1998-Feb/2001 0.03 0.64* 0.45 0.37
May/2002—Mar/2008 -04 0.39 -0.28 -0.12
Jun/2004-Feb/2005 0.26 -045 0.04 -0.31
Aug/2005-Fev/2006 0.82* 0.73 0.48 -0.73
Sep/2007-May/2008 0.36 —0.78* 0.73 0.01

at mid and high latitudes (Bjerknes 1969; Gershunov and
Barnett 1998), in addition to tropical areas. This aspect makes
the extratropical atmosphere more barotropic equivalent
(Hoskins et al. 1977; Hoskins and Karoly 1981; Hendon and
Hartmann 1982; Kasahara and Silva Dias 1986), providing
more climatic complexity to these latitudes.

A global mean of SST variance in the spectral range of 4—
8 years presents periods of low (1921-1935, 1961-1981, and
2002-2014) and high (1910-1921, 1935-1961, and 1983—
2001) values, as seen in Figs. 2 and 9. Low and high values
of SST variance for this spectral range can be characterized by
two main aspects: firstly, the concomitance of maximum and
minimum values with ENSO episodes (EN: 1918-1919,
1939-1941, 1953, 1982-1983, 1997-1998 and LN: 1928-
1929, 1973-1976, 2007-2008) and, secondly, the important
role of Pacific basins (dotted and continuous lines in Fig. 9) in
the global mean. North Atlantic SST variance (red line in Fig.
9) maintains some linear similarity with the global mean (=
0.56), as shown in Table 6, the first half period being much
more linearly correlated than the second half of the period.

The North and South Pacific present linear correlation
values of 0.84 and 0.87 with the global mean, respectively,
shown in Fig. 9 and Table 6. Since the North Atlantic shows

linear correlation equal to 0.56 (Table 6) with the global mean,
it suggests some association with Pacific basins (»=0.56 for
the North Pacific). Actually, the North Atlantic SST variance
for the 4-8-year spectral range is out of phase (somewhat
delayed) in relation to the energy observed in North and
South Pacific for the same scale (Fig. 9).

In relation to the ENSO occurrence, the SST variance for
the 4-8-year spectral range over the Pacific basins presents a
particular aspect if compared to the other ranges: the maxi-
mum values are in all cases associated with EN, as indicated in
Fig. 9, especially allowing the identification of the time when
the spectral energy begins to increase some months or years
before the peak. EN events occur in association with the
highest energy values. The strong EN events occurring in
the 1915-1916, 1940-1942, 1955-1956, 1982-1983, and
1997-1998 periods are inserted into subperiods for which
the SST variance of 4-8 years had begun to rise for earlier
months, as seen in Fig. 9. This aspect suggests that the energy
associated with the SST variance for the 4-8-year spectral
range can be considered a potential predictor for EN occur-
rence. These results corroborate those highlighted by Kestin et
al. (1998), where stochastic simulations for low-frequency
data were used for ENSO forecasts.
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Another important point is the long duration of high SST
variance values for the 4-8-year spectral range in the recent
period of 1980-2001, being associated with multiple EN ep-
isodes, as also pointed out in the Cane and Zebiak (1985)
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theory. During this same period (1980-2001), maximum
SST variance values for the 4-8-year oscillations were asso-
ciated with two strong EN events, 1982-1983 and 1997-
1998. On the other hand, minimum SST variance values for

Table 5 Idem to Table 3 but for

the 2—4-year spectral range 1884-2014  1972/1973  1982/1983  1997/1998  1970/1971  1988/1989
North Atlantic ~ 0.35* 0.71% 0.98% ~0.74 ~0.99* 0.12
South Atlantic ~ —0.04 0.30 ~0.34 0.02 ~0.20 0.28
Indian 0.12% 0.99% ~0.49 0.52% ~0.99% 0.94%
North Pacific ~ 0.87* 0.99% 0.95% 0.96% 0.99% 0.99%
South Pacific  0.92* 0.99% 0.97% 0.88* 0.99% 0.99%

@ Springer



The analysis of global surface temperature wavelets from 1884 to 2014 1447
Fig. 9 Idem to Fig. 5, but for the Global
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this spectral range (4-8 years) in the 1980-2001 period were
associated with strong LN events. In Fig. 9, we can see a
considerable minimum SST variance between strong EN
events, which must be associated with the 1988-1989 LN
event.

Considering multiple EN events, Cane and Zebiak (1985),
Cane et al. (1986), and Wyrtki (1986) have suggested, follow-
ing theoretical assumptions, that the occurrence of a very
strong EN episode following previous warm events can be
explained by a gradual thermocline shallowing into equatorial
latitudes in the central-west Pacific through Kelvin waves
propagation, promoting the transport of a large amount of heat
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to the eastern Pacific areas. This theoretical assumption can
possibly be observed for the 1935-1961 and 1981-2002
periods (Fig. 9), resulting in the respective occurrence of
strong EN events in 1957-1959 and 1997-1998. The in-
crease of SST variance in the 4-8-year spectral range asso-
ciated with the 1982—1983 and 1997-1998 EN events be-
gins in 1975, 13 years before the 1982—1983 event, and it
began to decline after 2002. Between 1975 and 2002, the
Pacific basins are those that present the highest linear asso-
ciation with the global mean for the 4-8-year spectral range
SST variance (> 0.88, Table 6), strengthening their impor-
tance in the global mean.

Table 6 Idem to Table 3 but for the 4-8-year spectral range

1884-2014 18841949  1950-2014  1910/1921  1935/1961  1981/2002  1921/1935  1961/1981  2002/2014
North Atlantic ~ 0.56* 0.75% 0.48* 0.28 -0.03 0.03 0.67* 0.82* 0.34
South Atlantic ~ 0.31* 0.48* 0.25% 0.76%* 0.04 0.01 -0.23 -0.09 —-0.03
Indian —-0.03 -0.01 —-0.05 0.01 0.00 - 0.01 0.03 —-0.08 0.02
North Pacific 0.83* 0.86* 0.88* 0.86* 0.67* 0.48* 0.77* 0.84* 0.09*
South Pacific 0.87* 0.67* 0.94* 0.99% 0.86% 0.85* 0.89* 0.76* 0.53*
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In general, Pacific basins are the oceanic areas that mostly
contribute to the global mean for the 4-8-year spectral range.
This can be seen in the high correlation values computed for
low (data in bold, Table 6) and high (data in italics, Table 6)
SST variance values, as shown in Table 6. The North Atlantic
basin also seems to play an important role in the global mean,
particularly for periods of low SST variance values (data in
bold in Table 6) when linear correlation values are higher.

3.2.5 Oscillations of 8-12-year periods

The SST variability for the 8—12-year periods presents low
absolute values when compared with the other spectral ranges,
which can be seen in Fig. 2b. Higher energy values in the 8—
12-year spectral ranges are observed in the 1884-1888 and
1990-2007 periods, except in short periods around 1903 and
1920. The strong EN event in 1997-1998 occurred during the
second period of high 8—12-year oscillation SST energy
values, 1990-2007, which presents maximum values close
to 1998. The 1997-1998 EN closely relates to the spectral
energy ranges of 4-8 and 8—12 years and does not seem to
be associated with the higher frequency spectral ranges (1—
12 months, 1-2 years, and 2—4 years) (Figs. 5, 6, and 7). Other
prior EN events observed in the time series can be associated
with higher frequency oscillations (e.g., the 1902-1903 and
1918-1919 EN events are closely associated with the 1—12-
and 1-2-year (only for the second case) spectral range); the
1990-1993 EN is associated with the 4-8-year spectral range.
It is suggested that the association with lower frequency can
partially explain the strong intensity of the 1997-1998 EN.
In the 1990s, the time between the minimum (close to
1991) and maximum (close to 1997-1998) SST variance
values is equal to 6 years (Fig. 2b). After the maximum values
reached in this period (1997-1998), the 8—12-year energy
took more 10 years to reach the next minimum values, which
happened near to 2007. The precedence of low-frequency os-
cillations thus characterizes its predictability, with a lack of an
adequate energy limit to provide an efficient predictor.

4 Conclusions

In this study, the wavelet technique was applied to the global
monthly SST from the dataset of Kaplan et al. (1998) (with
resolution of 2.5°) in order to better understand the temporal
and spatial patterns of SST energy associated with oscillations
characterized by periodicities of 1-12 months and 1-2, 24,
4-8, and 8—12 years, in the 1884-2014 period. Although sat-
ellite data began to be used in numerical models after 1978
(Brasnett 2008), wavelet analysis applied to SST data does not
show any obvious change from before to after this date.

The wavelet analysis applied for gridded SST distributed
over the globe allowed the observation of the spatial evolution
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of the energy associated with each selected spectral range
throughout the period. This process led to a more accurate
identification of more and less energetic areas and periods with-
in the dataset. The dynamic evolution of SST energy in the
selected timescales, throughout the study period, is shown in
videos hosted at the http://krlosbatist.wixsite.com/meusite,
while this paper presents only mean results over distinct
spatial domains.

Results obtained for large areas (tropical, subtropical, and
extratropical latitudes) show more important oscillation peri-
odicities in tropical areas of close to 4 years, while extratropical
areas show importance at higher periodicities. Thus, the first
results suggest that oceanic tropical phenomena are much more
strongly driven by intraseasonal and interannual oscillations,
which is corroborated by previous references (An and Wang
2000; Wang and An 2001; Raupp and Silva Dias 2006; Setoh
et al. 1999; Torrence and Compo 1998; Torrence and Webster
1999; Saji et al. 1999) than extratropical phenomena, which are
more associated with decadal and multidecadal scales, also
mentioned by other authors (Latif and Barnett 1994 and Gu
and Philander 1997).

The most important result obtained from the temporal anal-
ysis between distinct spectral ranges, during the period 1884—
2014, is the decreasing of energy for high-frequency oscilla-
tions (1-12 months, 1-2 years, and 2—4 years) in relation to
low-frequency oscillations (4-8 and 812 years), which, in-
stead, show increasing values during the period under study.
Physically, it means that higher and lower oscillation
phenomena at the oceanic surface have exchanged energy
with each other, with higher frequency phenomena losing
energy to lower frequency phenomena. This aspect is also
mentioned in theoretical studies, such as those of Raupp and
Silva Dias (2006) and Ramirez et al. (2017), where the energy
exchange between tropical convection and ENSO phenomena
plays a critical role as a controlling mechanism. The highest
spectral energy decrease is mainly observed in the North and
South Atlantic basins, while the largest increase is observed in
North and South Pacific.

For the equatorial Pacific, the results show that the ENSO
phenomena have changed their characteristic energy scale
over time, from the 2—4- to the 4—6-year spectral range, while
those associated with the 1-2-year oscillations had their ener-
gy weakened. This aspect of ENSO changes is in agreement
with the results shown by An and Wang (2000), Setoh et al.
(1999), and Rasmusson et al. (1990) and is associated with the
energy loss transfer from faster to slower phenomena.

The North and South Pacific are the basins which are more
closely linearly correlated with the global mean for all consid-
ered spectral ranges in this study, which means that these
basins present the major part of the global energy and better
represent it. This aspect is especially important for the energy
related to the spectral ranges of 2—4 and 4-8 years, which
show the highest correlation values with the global mean.
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For the 2—4-year oscillations, the linear correlations between
the global and North and South Pacific were 0.87 and 0.92,
respectively. For the 4-8-year oscillations, the linear correla-
tions with North and South Pacific were 0.84 and 0.87, re-
spectively. The spectral range of 1-2 years shows slightly
lower linear correlations for the North and South Pacific ba-
sins (0.73 and 0.79, respectively). The SST energy related to
the spectral range of 4-8 years, in the North Atlantic basin,
also shows an important correlation with the global mean (» =
0.56), but not so high as that of the Pacific basins. The Atlantic
and Indian Oceans show lower correlation values with the
global mean. Considering isolated ENSO events (both for
EN and LN), the 1-2-year oscillation energy is the spectral
energy most correlated with the global mean. Although the
SST variance values in each oceanic basin have been consid-
ered as a spatial average in this study, it is important to take
into account the relative importance of each oceanic basin by
considering the respective basin size in further studies.
Another important result is the ENSO predictability
through the time evolution analysis of lower frequency oscil-
lations, especially in the case of 4-8-year SST energy, in
which the energy increase begins 3—5 years earlier and ends
up to 5 years after the EN maximum. This aspect can clearly
be seen in the EN events of 1939-1941, 1957-1959, 1982—
1983, and 1997-1998. Although the results obtained in this
study were based on SST values averaged over extended areas
(oceanic basins), analogous results can be reproduced in
smaller and specific regions, improving the predictability of
the signal. The 8—12-year SST energy oscillation also contains
information important for longer period predictability studies.
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