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Abstract

Thirty years (October, 1988—-December, 2018) data of North Pacific Oceanic CO, fluctuations have been analysed using Mul-
tifractal Detrended Fluctuation Analysis technique. CO, fluctuations obey power—law dependence on time. The multifractal
spectrum of the oceanic CO, time series has been found to be right-skewed in nature with asymmetry parameter value 0.4646.
The width of the data spectrum has been calculated to be 0.62 which is higher than the corresponding shuffled series width
0.33. The dominant Hurst exponent, at which the spectrum is maximum is 0.78 for original data and 0.503 for corresponding
shuffled series. Observations show that shuffled distribution does not show any correlation and hence genuine long-range
correlation has been observed in CO, which is due to time evolution and not due to the values of CO, concentration.
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Introduction

Combustion of fossil fuels and land use change since indus-
trialization has led to an increased amount of atmospheric
CO,. Anthropogenic CO, level in the atmosphere has
increased from its pre-industrial level 284 ppm and crossed
the symbolic barrier 400 ppm attaining 407.7 ppm in May
2016 (Betts et al. 2016). Increase in atmospheric CO, is tem-
pered by the ocean consumption. Sabine et al. (2004, 2007)
and others showed that almost one third of the atmospheric
anthropogenic carbon accounts for oceanic uptake. Also,
this oceanic CO, consumption is not benign as it changes
the global ocean carbonate chemistry process and the geo-
chemical balance (Gattuso 2015). As CO, dissolves in sea
water the acidity increases and pH level decreases. Reduced
pH and increased acidification are potential threat to marine
biogeochemical cycles, ecosystems, physiology of marine
organisms (Kroeker et al. 2013; Doney 2010; Fabry et al.
2008; Brewer and Peltzer 2009) and corrosive to the species
which have structural components made of calcium carbon-
ate (Doney et al. 2009; Orr et al. 2005).
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Measurement of seawater acidification and the enhance-
ment in our understanding the factors which regulates the
process is thus very crucial. Research work in this context
is of prime interest. There are several works which meas-
ures anthropogenically induced changes in sea water due
to high atmospheric CO, (Asher et al. 2004; Aziz et al.
2005; Crutzen et al. 1999; Jacovides et al. 1994). However,
such research undergoes difficulties and uncertainties due
to the absence of temporal variability in CO, in seawater,
particularly, whether total dissolved inorganic oceanic car-
bon remain residually correlated with each other over a long
time (long-range dependence). Temporal correlation analysis
refers to the statistical analysis of the evolution characteris-
tics of oceanic CO, with time. Long-range correlation in a
time series is such that any given value of the series at any
instant is influenced by ‘all’ preceding values. Moreover,
for a long-range persistent (memory) time series there is a
positive correlation among the successive values: high val-
ues tend to follow high and small values tend to be small.
Such correlation between the values is characterized by a
power—law decay as a function of the temporal gap between
them. Such power—law decay of values can be better under-
stood in terms of self-similar or self-affine fractals.

Study of fractals/multifractals in non-linear dynamical
systems is a very popular technique to find out the pres-
ence of long-range correlation. Fractals are primarily of
two types: (i) Monofractals, which show identical scaling
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behaviour at all parts of the signal and (ii) Multifractals,
they require more than one scaling exponent to describe
the system fully: large and small fluctuations scales dif-
ferently. Multifractal analysis has the potential to reveal
the long-range temporal correlation in any time series
(Kantelhardt et al. 2002). Many atmospheric quantities
exhibit non-linear power law behaviour with time which
produces non-stationarity in the series. This non-station-
arity tends to conceal the correlation and thus ordinary
Fourier spectral analysis is not useful in analysing (Love-
joy 1982; Schertzer and Lovejoy 1985; Tuck and Hovde
1999; Hu et al. 2001; Chen et al. 2002; Tuck et al. 2003;
Grytsai et al. 2005) the atmospheric and hence oceanic
CO, time series data. Multifractal Detrended Fluctuation
Analysis (MFDFA) is a powerful technique developed
by Kantelhardt (2002), and has been successfully used in
many fields (Mali and Mukhopadhyay 2014; Norouzzadeh
and Rahmani 2006; Yuan et al. 2009; Dutta et al. 2013;
Zhou et al. 2007; Wang et al. 2009) including natural sci-
ence (Benicio et al. 2013; Dutta et al. 2018; Mali 2014) to
analyse nonstationary data. The method is capable of elim-
inating the long-term trend and analyse the actual fluctua-
tion after detrending. Thus, the possibility of fallacious
detection of correlation arising due to non-stationarity is
completely washed out.

In this paper oceanic total dissolved carbon time series
data of North Pacific Ocean have been analysed using
MFDFA technique in search for any long-range tempo-
ral dependence in the series. The data product for North
Pacific Ocean has been obtained from Hawaii Ocean Time
series station ALOHA (22°45’ N, 158°00" W) (Dore et al.
2009a). The mean seawater dissolved inorganic carbon
(DIC) (=total CO,) concentration, in umol kg'l, from
October, 1988 to December, 2018 has been extracted and
analysed.

The rest of the paper is organised as follows: In the
next section a detailed description of the method used has
been provided. “Data (Dore et al. 2009a)” section presents
description of the data used. In “Results and discussion”
section the results obtained from this analysis has been pre-
sented followed by a conclusion and outlook at last section.

MFDFA method

Following the formulation given by Kantelhardt et al. (2002)
step by step description of the MFDFA method is presented
in this section.

Step I For any time series of length N:

{x,k=1,2,3...,N} first the cumulative sum of the
series is obtained using Eq. (1):
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J
y(j) = 2 [xc — (x)]. where jruns from 1toN (1)
k=1

Here average of the data (x) is eliminated from each of
the data points.

Step 11 y(j) is known as the signal profile, which is divided
into Ns=int(N/S) numbers of bins in time scale, each of
width S. Here S is the scale of analysis.

Step 111 Local trend exhibited by each small window
is calculated using a least square polynomial fit of the
series. This trend arises due to the non-stationarity of the
series. Variance of the data with respect to this trend is
calculated in each segment v of time length s using the
following equation:

1 1 vy |
P.s) ==Y {0 =D+ -2k0) | ®)

j=1

yj’ﬁ‘;(j) represents the /th order fitting polynomial in win-
dow v.

Here the order of the polynomial would be such that it is
smaller than the sample size in the smallest segment in
order to get rid of any over-fitted trend.

Step 1V Always N may not be an integer multiple of S
and hence a small portion of the signal will be left at the
end while dividing it. To include that portion, one has to
repeat the previous step starting from the other end of
the data obtaining total 2N, number of segments. Finally,
the ¢ order fluctuation function is obtained using the

Eq. (3):

2N, 1/q
F (s) = { 211\7 Z [Fz(v, s)]q/z} forq#0

v=1

2NY
= exp{4]1v ZInF(v,s)} forq=0

§ y=1

3

Scaling behavior and different multifractal
exponents

Scaling behaviour of fluctuation function can be obtained
by calculating F,(s) for different scale values. Long-range
correlation and hence the multifractality in the time series is
manifested by the following power law relation:

F(s) o 5" )

Exponent h(q) is the generalized Hurst exponent,
reduces to ordinary Hurst exponent (H) for g =2. For
Multifractal time series h(g) values decrease with order
qg. When ¢ is positive h(g) will describe the scaling behav-
iour of the segments with large variance F2(v, s) i.e. large
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deviation from trend on the other hand for —ve g values
h(q) describes the scaling behaviour of the segments with
small fluctuations. For g =2 the method reduces to stand-
ard DFA process.

Value of H is crucial in determining the nature of cor-
relation. For 0.5 < H < 1.0 presence of positive long-range
correlation (long-range persistence) is confirmed and if
0 < H < 0.5 then there is anti-correlation (anti-persistence)
in the data. H=0.5 corresponds to classical random
(white) noise while H=1.0 is for so-called 1/f noise.

In this context it is important to mention that in a
persistent time series an increase in the observable will
most likely be followed by an increase in short term and
also a decrease will be followed by a decrease in short
term. Whereas in anti-persistent time series, for which
0<H<0.5, an increase in values will most likely be fol-
lowed by a decrease and vice-versa. For the later case there
is no correlation between an observation and its future
value, having higher or lower value is equally likely. Rényi
exponent 7(q) (Kantelhardt et al. 2002; Feder 1988) can be
calculated from A(g) through the following relation:

(q) = qh(g) — 1 3)

In standard MFDFA formalism, t(q) is defined via parti-
tion function. A proof of above relation was given by Kan-
telhardt et al. (2002) using standard box counting formalism.
Clearly, for monofractal series t(q) has a linear form:

7(q) =qgH — 1 6)

Further it is interesting to characterize multifractality of
a series using Holder spectrum or singularity spectrum f(e)
of the Holder exponent a. The singularity spectrum f(a) is
obtained from 7(g) through a Legendre transformation of
7(g) (Feder 1988; Halsey et al. 1986; Peitgen et al. 1992)

fl@)=qa—7(q) = q[a - h(q)] + lwherea = 0t(q)/0q
(N
The exponent a is significant in determining the sin-
gularity and the singularity spectrum f(a) represents the
Hausdorff dimension of the fractal subset with the expo-
nent o. The plot of fl@) vs. a is called the multifractal
spectrum which is an upside-down parabola in shape.
Jf(a) becomes maximum at a certain value of « = a; when
dfia)/da = 0. It is easily observed that spectrum’s peak is
achieved for q=0, where f(a,) = Dy is the fractal dimen-
sion of physical support of the phenomena (Salat et al.
2017). Again, from Eq. (7) it is clear that f(ao) = 1. This
particular a value (ao) corresponds to the most domi-
nant scaling behaviour (Bishop et al. 2012) and it is the
dominant Hurst exponent. The width of the multifractal

spectrum is the difference between the maximum and
minimum value of a for which fla) = 0 (Kalamaras et al.
2019) i.e.

width of spectrum = a,,,, — @,,;, ®)

The width is a measure of strength of multifractality
(Ashkenazy et al. 2003; Shimizu et al. 2002a). The broader
the spectrum the richer the multifractality is (Telesca et al.
2004). A measure of the spectrum width can be obtained by
fitting the spectrum around a,, with a second-order equation as
described in Shimizu et al. 2002b:

fl@)=A(a — ap)’ + B(a —ay) + C ©9)

In Eq. (9) the constant B is most important. B is an asym-
metry parameter. When B =0, the multifractal spectrum
becomes symmetrical. A negative value of B implies that the
spectrum is left-skewed and for positive B values spectrum
is right-skewed (Burgueno et al. 2014). It has been stated in
Ihlen (2012) that a time series having high value of «; and
right-skewed multifractal spectrum and broad width is more
complex.

Another important multifractal exponent is generalized
dimension Dq, defined by

D,=1(q)/(g—1) (10)

D, is useful in determining the range of q (Salat et al. 2017).
Equation (10) may lead to obtain D, values higher than the
dimension of physical supportD,, in particular for negative
q’s. Since such a D, looses its physical meaning, it is desir-
able to restrict the range of g in order to ensureD, < D,
Also, q values should be chosen so that f (o) > 0.

Origin of multifractality

Existence of multifractality in non-stationary time series may
be attributed to the (Kantelhardt et al. 2002) three broad cat-
egories: (i) presence of dissimilar characteristics of long-range
correlation of large as well as small fluctuations, (ii) due to
non-Gaussian broad probability distribution function of the
concerned measured observable and (iii) sometimes due to
both the reasons (i) and (ii). The superiority of the MFDFA
technique over others is that it allows one to find out the source
of correlation in data. When MFDFA is employed to the shuf-
fled distribution, in which the correlation is wiped out, of the
same time series the results come out somewhat arbitrary
with h(q),ngom =0.5. If the source of multifractality be reason
(i1) above then both shuffled and original data show identical
behaviour with h(q),sngom =h(Qoriginal data- FOr reason (iii) shuf-
fled data show a weaker multifractality than original series.
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Data (Dore et al. 2009a)

In this study Hawaii Ocean Time-series (HOT) data for
total DIC has been used. HOT program cruises are car-
ried out on approximately monthly intervals depending
upon the availability of research vessel starting from Octo-
ber, 1988 to December, 2018. Initially almost for seven
years the HOT program cruise were for 5 days later it
was reduced to 4 days. Samples for water column chemi-
cal analyses were collected at ALOHA station. A sample
of sea water was collected in glass bottles, which were
washed with diluted hydrochloric acid followed by a rinse
with distilled water before each cruise. Samples were col-
lected in a manner to minimize the gas exchange with
atmosphere.

Dissolved inorganic carbon (DIC; equivalent to total
CO,) has been measured by coulometry. Since 1993, a
semi-automated (SOMMA) system was used for the coulo-
metric DIC measurements. The precision in the measure-
ment of DIC is of the order of + 0.1% or sometimes better
throughout the measurements.

Results and discussion

To quantify the fluctuation, 30 years data (Dore et al.
2009a) of total dissolved carbon concentration in North
Pacific Ocean water has been analysed in the framework
of the MFDFA technique. Fluctuation function has been
calculated using Eq. (3) for different “s” values with “g”
varying from — 3 to+ 3 in steps of 0.2. In selecting the
range of q I have followed previously described criterion
in methodology section. A linear trend is usually observed
when the observable is increasing or decreasing at a steady
rate. Here, for the increasing tendency of oceanic CO,
over time a polynomial of order m =1 has been considered
here for de-trending process. Fluctuation functions obey a
power law nature with the time scale consequently, log—log
plot of fluctuation function with scale show straight line
behaviour with varying slopes as presented in Fig. 1 for
g= +3, 0 and — 3. The point symbols in the figure repre-
sent the calculated logF,(s) values for different log(scale)
whereas the solid lines represent the regression fits of the
same. From Fig. 1 it is observed that fluctuation functions
with scale show a converging trend for different “g”.
From the slope of linear fit generalized Hurst exponent
h(g) has been calculated. h(q) values decrease with g sig-
nifying multifractal nature of total dissolved carbon con-
centration time series in sea water. Varying h(q) for + ve
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Fig.2 Plot of generalized Hurst exponent with order ¢ for original
and shuffled data
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and —ve ¢’s manifests different scaling behaviour of large
and small fluctuations. The variation of A(q) with g has
been depicted in Fig. 2. Ordinary Hurst exponent for ¢ =2
has been found to be 0.74. H> 0.5 indicates the presence
of long-range correlation. It is worth mentioning here that
any time series will exhibit long range correlation when
some properties of the time series remain correlated for
different times and the correlation function decays much
slowly than exponential decay (power—law decay).

Again 0.5 <H < 1.0 signifies that oceanic CO, time series
exhibit long-range persistence. High value of H indicates
strong persistent behaviour which means fluctuation of oce-
anic CO, concentration in small time intervals is positively
correlated with the fluctuation in larger time interval in a
power law fashion. This persistence refers to ‘long-mem-
ory’ in the data, which imply there exist a tendency: an
increase of CO, concentration in sea water will be followed
by another increase in the CO, level at different time in a
power law fashion i.e. ocean will continue to absorb carbon
di-oxide further increasing the ocean acidity.

Increased acidification will alter the calcium carbonate
level in sea-water leading to an unsaturated value of CaCO;
from supersaturated state. This is likely to affect the ability
of some organisms to produce and maintain their shells. Fur-
ther, it has been found in some study (Bates et al. 2001; Dore
et al. 2009b) that oceanic CO, uptake strongly depends on
the biogeochemical and physical process in the ocean. Thus
long-range persistence in total DIC in North Pacific sea-
water tends to regulate certain oceanic biological process.

Model prediction about future oceanic CO, will be more
accurate through the incorporation of long-range persistence
in the model.

Rényi exponent 7(g) has been calculated using Eq. (5).
The plot of t(q) against ¢ is shown in Fig. 3. The non-linear
nature of 7(g) further confirms the multifractal nature of the
considered time series i.e. seawater CO, concentration has
in-built multiscale self-similar property.

In order to shed light on the possible origin of the mul-
tifractal property we have randomly shuffled the original
time series data and employed the MFDFA process to the
shuffled data set approaching in same manner as before. The
process has been repeated 100 times. Results for the mul-
tifractal exponents are then averaged to get the behaviour
of the shuffled series. Figure 2 presents the plot of A, g,
with g along withh, 4., V8. q. By e Values remain almost
constant (average value 0.51) with a minor dependence on g
as compared to original time series data. For g =2, the ordi-
nary Hurst exponent here comes to be H=0.5003. H ~ 0.5
for shuffled distribution signifies multifractality in the con-
sidered time series that is mainly sourced from the presence

@ Data
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Fig.3 Plot of 7(g) with ¢ for original and shuffled data

of long-term dependency and not a result of mere statistics
only. This fact is further strengthened by the linear nature of
(q),¢hume @S shown in Fig. 3.

Finally, to have a qualitative idea about the strength of mul-
tifractality, multifractal spectrum has been calculated for both
original and shuffled data and the plot has been given in Fig. 4.

The spectrum of the original data has the maximum at
a, = 0.78. So, the dominant Hurst exponent is 0.78. For the
shuffled series the value of dominant Hurst exponent has
been found to be &, = 0.503. The original data spectrum has
been fitted using Eq. (9). The asymmetry parameter B has
the value of 0.04646. Positive B value signifies that the spec-
trum is right-skewed which indicates the presence of strongly
weighted fractal exponents. The width of the spectrum has
been calculated using Eq. (8). For the shuffled time series,
the width of the spectrum has been found to be 0.33 which
is small with respect to the width of original data spectrum
which is 0.62. Also, the spectrum for shuffled data has been
shifted to the left of the original spectrum, which is expected
when source of multifractality is type (i) as discussed earlier.
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Conclusion and outlook

In conclusion strong persistence in North Pacific Oceanic
CO,fluctuation has been found in the current analysis using
MFDFA method. Oceanic CO, fluctuations for small time
intervals are strongly and positively correlated in a power
law fashion to the fluctuations over large time intervals.
There is a presence of “long-memory” or internal correla-
tion in the seawater CO, concentration which means an
increase in CO, will be followed by another increase in
short interval and vice-versa. This scaling behaviour or
long-range correlation is a result of time evolution and
is not due to statistics of seawater CO, value. Thus, such
result could be used to measure the anthropogenically
induced changes in the seawater by CO, concentration on
long term basis.
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