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Abstract

In this study, the long-range relationships between North Atlantic Oscillation (NAO) and precipitation data obtained from
Climate Prediction Centre (CPC) Merged Analysis of Precipitation (CMAP) from 1979 to 2016 are investigated using
Detrended Fluctuation Moving Average Cross-Correlation Analysis (DMCA). In the atmosphere, teleconnections through strong
convective processes sporadically affect various climatic regimes in Europe, Mediterranean basin, North Africa, Middle East, and
Caucasus. The NAO is one of the teleconnection processes and results in heavy rainfall in the Mediterranean basin during its
negative phase while it gives rise to rain in Europe during its positive phase. The DMCA technique shows that the NAO
fluctuation series exhibit different long-range cross-correlation coefficients, pPDMCA (s) with “s” being the moving average time
window length, between the precipitation values and NAO. Large pDMCA(s) coefficients with time window(s) larger than
12 months were obtained particularly over the Mediterranean basin, near the North Pole including northern Europe. Furthermore,
the pPDMCA(s) coefficients were grouped into clusters using K-mean method to distinguish the similar patterns. The 1st cluster
refers to the negative phase of the NAO indicating warm-rainy conditions and dry spells, which is especially evident in the
Mediterranean basin. The 2nd cluster represents the long-range cross-correlation with respect to the positive phase of NAO and
precipitation values, particularly for the Western and Northern Europe. Conversely, the 3rd cluster is evaluated as power law of
long-range cross-correlations between the precipitation and NAO with respect to the different time scale processes.

Keywords DMCA - K-means - Mediterranean - NAO - Precipitation - Predictability

1 Introduction various fields including dynamical diagnosing and climate

forecasting (Wilks 2011). However, p represents the linear

Understanding complex processes in nature has become an
active research area for researchers since the studies of
Lorenz (1995), a meteorologist and pioneer of chaos theory.
Because the natural systems are highly complex, it is impor-
tant to identify dynamic properties, such as scale invariance,
heavy skewness, non-linear correlations, non-stationarity and
fractality in these processes.

Due to its simplicity, traditional Pearson correlation coeffi-
cient, p, analysis has become the most widely used method in
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correlation between two-time series assumed to be both sta-
tionary and Gaussian distributed. Since non-linear and non-
stationary structures usually exist in natural systems (Lorenz
1995; Selvam 2017), p cannot be suitable to describe the
cross-correlation between time series.

Most diverse complex systems consist of elements which
are associated with each other in a commonly complex frame.
The complexity of the interaction can be examined addition-
ally based on, for example, the time history of each compo-
nent as well as the time history of the other variables. These
complex systems are generally characterized using “power-
law of long-range cross-correlation”.

Peng et al. (1994) have suggested Detrended Fluctuation
Analysis (DFA) for determining the long-range dependence in
coding and non-coding of the DNA nucleotides sequence.
This method is based on the random walk theory (Shlesinger
et al. 1987), like the Hurst rescaled range analysis (Hurst
1951; Tatli 2015).
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On the other hand, Detrended Cross-Correlation Analysis
(DCCA; Zebende 2011) is an extended version of the DFA
method. When compared to the classical correlation coeffi-
cient, the DCCA coefficient has an advantage such that it
can be examined using different time scale, s. The perfor-
mance of the DCCA has been systematically tested for the
effect of stability. In addition, in the presence of non-station-
arity, a wide range of applications has been derived to inves-
tigate the long-range cross-correlation of the signals
(Podobnik et al. 2009; Vassoler and Zebende 2012; Zebende
et al. 2013). The development of DCCA has led to invention/
or/development of other alternative methods, such as
detrended moving average cross-correlation analysis
(DMCA; Jiang and Zhou 2011; Kristoufek 2014).

Many studies in climatology and meteorology, and other
Earth Sciences in which the complex systems, occur address
on such cross-interactions between different systems. For exam-
ple, Ivanova and Ausloos (1999) applied the DFA method to
microwave radiometer data for describing cloud breaking.
These authors demonstrated that the liquid-water content in the
Stratus cloud has a “long-range power-law correlation” over 2 h.
Kiraly and Janosi (2005) analysed daily temperature anomaly
data recorded in Australia and Hungary using the DFA tech-
nique. They found that the positive long-range asymptotic corre-
lations can be as high as 5-10, and the generalized Hurst expo-
nents for these places decreased with increasing distance from the
Equator. Koscielny-Bunde et al. (2006) studied long-range tem-
poral correlations and multifractal properties of long-river dis-
charge records from 41 hydrological stations around the globe
by employing the multifractal DFA (MFDFA) analysis. They
found that at some transition times, usually around weeks, the
daily runoffs were characterized by an asymptotic scaling factor,
which indicates a slow power-law that uses runoff auto-
correlation function, and changes from river to river. Zhang
et al. (2008) applied MFDFA technique for scaling and
multifractal properties of the hydrological processes of the
Yangtze River basin in China. The authors determined different
correlations for the upper, middle and lower streamlines of the
Yangtze River basin. The discharge series of upper Yangtze
River basin were characterized by a short memory or an anti-
persistence, and the streamline of the lower Yangtze River basin
was characterized by a long-memory or a persistence. Orun and
Kogak (2009) applied the DFA method to obtain scaling expo-
nent of daily mean temperature, maximum temperature, mini-
mum temperature and temperature differences for 52 stations in
Turkey. These researchers investigated the local changes of scal-
ing exponents and their spatial distribution in Turkey and found
four types of scaling exponents greater than 0.5, which is con-
sidered as long-range correlation. Guo et al. (2017) investigated
the threshold of extreme precipitation events by the MFDFA
technique in the mid-west of Jilin province located in North-
East China. They concluded that the MFDFA method reveals
the precipitation characteristics of the region, and they try to
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find a relationship between internal precipitation for different
time windows; therefore, the MFDFA could be an objective
method to define the extreme precipitation threshold. Liu et al.
(2016) suggested multifractal spectra analysis based on empirical
mode decomposition approach and the DFA to measure the com-
plexity in the monthly precipitation series. They concluded that
precipitation series exhibit long-range correlation and are sensi-
tive to changes in the initial values due to the long-term memory
characteristics. Wang et al. (2016) have investigated the scaling
features of wind speed time series by using the MFDFA. These
authors suggested that by using the MFDFA of the wind speed
time series, the segment length should be longer than 1 day, and
the diel variation of wind should be maintained to avoid abnor-
mal events.

The importance of the NAO in predicting climate has been
further emphasized in the numerous studies in which the NAO
was used to relate climate and weather resulting from the mi-
grating surface pressure dipole over the North Atlantic region.
The dominant atmospheric circulation variability mode of the
NAO was shown to have a carrier role in winter climate fluc-
tuations in a wide range of regions in Europe, Mediterranean,
Middle East and North America (Hurrell 1995; Deser et al.
2017). For example, Beranova and Kysely (2017) investigated
the daily precipitation in the Czech Republic from 1961 to 2012
for examining the changes in seasonal precipitation indices, and
their spatial patterns connection with temperature and atmo-
spheric circulation. As reported in many studies, the NAO has
negative correlations with precipitation series in the southern
Europe and positive correlations in the northern Europe
(Hurrell 1995; Ben-Gai et al. 2001; Turkes and Erlat 2003;
Mariotti and Arkin 2007; Lopez-Moreno et al. 2011; Nada
2012; Delworth et al. 2016; Madrigal-Gonzalez et al. 2017).
Furthermore, Caldeira et al. (2007) studied the predictability
of the NAO index using the DFA technique. They stated that
the generalized Hurst exponent obtained from the DFA method
for the annual series that were analysed show exhibits very little
predictability of the NAO.

The organization of this article is as follows: a brief descrip-
tion of the NAO’s characteristics of interaction with regional
climate processes and a prospect on the hydro-meteorological
applications are given in the next section. The dataset and pro-
cedures of the DCCA and the DMCA methods are presented in
Sect. 3. The main results and a discussion are given in Sect. 4.
Finally, the conclusions are drawn in Sect. 5.

2 A look on North Atlantic Oscillation

Due to the irregularities in the land-sea distribution in the
Northern Hemisphere, the spatial distribution of spherical
mean-pressure fields and related global wind systems do not
form a zonal belt as in the Southern hemisphere, where the ocean
areas cover large areas. In addition, generally, the semi-
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continuous low and high-pressure centres outside the equatorial
low-pressure zone are in an order. Near the middle latitudes,
these climatic conditions are subject to seasonal and even shorter
periodic changes, especially due to different heating of the land
and sea surfaces, and therefore, prevailing winds in the middle
latitudes are often very strong. The dynamic subtropical high-
pressure systems (Pacific and Azores) centred at the eastern
shores of the oceans approximately between 20 and 35° N lati-
tudes tend to maintain their features throughout the year while
comparing with the middle latitude systems. These high-pressure
centres have major decisive influences on the climates of the
great terrestrial areas located at their east regions.

In the Northern Hemisphere, the winter subtropical high-
pressure systems are centred over the oceans due to spatial
expanding and strengthening of the thermic high-pressures,
Siberian and North American (Canadian/Greenland), which
show a regional weakening due to strong cooling in large conti-
nental areas in the north. On the other hand, dynamic semi-
continuous and cold low-pressure systems around 60° N latitude
on the North Atlantic (Iceland) and North Pacific (Aleutian) ef-
fectively extend their influence on general flows over ocean be-
tween the southern 30-35° N latitudes. Therefore, there are
strong precipitation and storms over areas where these pressure
systems are effective. In summer months, due to heating of large
terrestrial areas, cold-originated high-pressure centres become
narrower and weaker and start to move towards the upper reaches
of the polar regions replaced by thermic low-pressures. Here, a
thermal low-pressure area is defined as it evolves to a difference
in air pressure, which is achieved by a warming (insolation) or a
cooling. A ground low or height low depends on the respective
weather zones.

The warm subtropical anticyclones, centred on the eastern
shores of oceans along subtropical latitudes, become stronger
over oceans during summer, and they direct flows to the lands
by expanding their influence. Due to seasonal cooling and
warming processes in the North Hemisphere, latitudinal shifts
in the developed wind systems (in the north-south direction)
corresponding to semi-continuous pressure systems cause chang-
es in seasonal weather conditions, especially in the middle lati-
tudes. Near these latitudes, subtropical high pressures are effec-
tive in summer; a warm and dry climate is experienced in the
southern Europe and Mediterranean basin regions. On the other
hand, subpolar cyclones (extratropical cyclones) and those asso-
ciated with frontal systems in winter cause strong precipitation
and storms while they move to the southern latitudes.

Furthermore, during summer months, a thermic Asiatic
monsoon in the central and southern Asia extends its influence
area to the northern and western places. At the same time,
Intertropical convergence zone (ITCZ) shifts to the northern
of equator (South Asia) due to the warming in terrestrial areas.
Accordingly, severe monsoon rains occur in the South and
Central Asia due to the warm and humid air transporting to
north regions over the ocean areas. Moreover, due to the warm

thermic Asian monsoon and dry and warm eastern and south-
eastern flows are effective. These conditions cause to form the
arid climates in the Arabia and in south-eastern parts of
Turkey, located in the south-western Asia (Barry and
Chorley 2003; Linacre and Geerts 1997; Turkes 2010).

The interactions of surface pressure patterns on the lands
and oceans cause changes in climate variables such as tem-
perature and precipitation. These changes are also related to
large-scale oscillations due to general circulation of the atmo-
sphere. The North Atlantic Oscillation is one of these large-
scale atmospheric oscillations, particularly affects a wide-
range area extending over northern regions of the America,
Europe, Mediterranean and north-west Asia. The NAO con-
trols large synoptic weather systems, and consequently, re-
gional climate anomalies change regimes of temperature and
precipitation (Hurrell 1995; Deser et al. 2017).

Rogers (1984) developed the NAO index for winter. The
index is defined as the difference between the standardized win-
ter surface pressure for Ponta Delgada station (the Azores) and
that for Akureyri station (the Iceland), and it is defined as positive
phase when the subtropical high-pressure value is higher than
normal, the opposite-case is defined as negative phase.

The Azores High, also known as subtropical North Atlantic
high (or Bermuda—Azores High), is a large subtropical semi-
permanent centre of high atmospheric pressure, typically sited
in the south of the Azores in the Atlantic Ocean. It is one the
dipoles of the North Atlantic release, and the other pole is the
Icelandic Low system, affecting wide regions of the North
Africa and Southern Europe and, to a lesser extent, the weath-
er and climate patterns of eastern North America. The aridity
of the Sahara Desert and the summer drought of the
Mediterranean basin are due to the large-scale collapse and
sinking of the air in the system. The summer season is centred
near Bermuda High and forms a south-west warm air flow
towards the eastern coasts of the USA.

During the positive phase of NAO, warm and rainy weath-
er conditions are experienced in regions near the high latitudes
over the northern Atlantic and northern Europe, but in the
south of Europe and the Mediterranean and south—west
Asia, a cold and dry period prevails. In the negative phase of
NAO, warm and rainy conditions prevail over the
Mediterranean basin with contributions of the travelling cy-
clones corresponding to the Polar Jet flows (Stephenson et al.
2003; Li et al. 2011).

3 Data and methodology
3.1 Datasets
The rainfall data used in this study was obtained from the

Climate Prediction Centre (CPC) Merged Analysis of
Precipitation (CMAP; Xie and Arkin 1997) and are available
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since 1979 to present. The CMAP is produced by a merging
technique of combining multisatellite and rain gauge observa-
tions. It includes the Special Sensor Microwave/Imager (SSM/
I), infrared-based Geostationary Operational Environmental
Satellites (GOES) Precipitation Index (GPI) and Outgoing
Longwave Radiation (OLR) Precipitation Index (OPI) and
Microwave Sounding Units (MSU) data along with gauge
information.

The monthly NAO index used in this study can be obtained
from the following website: http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/norm.nao.monthly.b5001.
current.ascii.table (Climate Prediction Center, National
Weather Service, NOAA).

3.2 Detrended cross-correlation analysis

The procedures of the DCCA method consist of five steps
(Podobnik et al. 2009). Suppose that x(¢) and y(f) are two-
time series of length L. In the first step, their profiles (or
integrated signals) are computed.

Xy = Z Yixand Y = Zf:lyi_y (1)
where k= 1, 2,..., L, and X and y represent the arithmetic
means of the time series, respectively.

In the second step, each profile is divided into, Ls = [L/s],
non-overlapping segments of equal length “s”. Since the
length L of the time profiles is often not a multiple of the time
scale s, a residue may remain at the end of the profile. To take
this part into account, the same procedure is repeated starting
from the opposite site.

In the third step, a local trend is fitted by the least square
sense for each of the Ns sections. Then, the covariance is
determined for each segment as, = 1,..., Ls.

1

£,(s) = <% [0 >+Hfaﬂ
A0)

X [YI0—1)s + k-7 2)
where 5(7 (k) and z (k) are the fitted polynomials in the
related segments and » could be linear, quadratic, cubic, or
higher order used in the fitting procedure.

In the fourth step, all segments are averaged to obtain g—th
order of the DCCA.

1/q
1
F«Yy(q’ S) =

Ls 3 [f,(s))"

r=1

forg=0;
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Fy(0,5) = exp{1 o M()} 4)

F., (g, s) is dependent on time scale s for different values of g.
For this study, the standard DCCA procedure was preferred by
inserting the value of ¢ equal to 2 in Eq. (3). The DFA method
is a special case of the DCCA technique when x(¢) = y(?).

In the last step, the time scale behaviour of fluctuation
functions is determined by fitting a log-log plot of F,, (g, 5)
versus s. The cross-correlation between x(¢) and y(f) has a
power law when the logarithms of F,, (g, s) and s jointly
increase as seen in Fig. 1b.

The other method, so called the DMCA, F' % vica» 18 defined
by He and Chen (2011) as in the following.

¥ZVL€<S(MJ<M X“) (Y;rf(m) (5)

FZDMCA() L—s+ 1

where s is the window length of the moving average and 6 is
the moving-average type (forward, centred and backward for
0=0,60=0.5and 6 =1, respectively). In this study, backward
type was chosen. X ks and Y ks Trepresent the specific moving
averages with the window length s, at time step k. When this
quantity is standardized by the DFAs, the DMCA cross-
correlation coefficients are obtained as follows.

F 2DMCA(S)
Fypma(s) - Fypmal(s)

(6)

Ppmca (8) =

where F pma(s) and F), pya(s) are the detrended variances
defined by

1 2
Fyzc,DMA(S) - Z[TL(%(M)J (Xk Xk s)

L—s+1

1 [T=0(s—1)] 2
by ()

F} pua(s) = yE——pl

(7)

The DMCA cross-correlation coefficient has the same
range as the standard correlation coefficient.

~1<ppmcals)=1 (8)

Power law of cross-correlations was ensured if the follow-
ing scaling relationship is achieved.

Ppmca (8) s )

Here, the exponent, f,,, is named the generalized Hurst expo-
nent that designates power-law of the cross-correlations be-
tween the related time series. This exponent is determined by
fitting a slope of the log—log states of the curves. For example,
log—log states of the ppycals) coefficients between the NAO
and precipitation values at several grid points are shown in
Fig. 1a. Similarly, the DFA fluctuations of the NAO index are
shown in the Fig. 1b.
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Fig. 1 Power-law dependence of a
the fluctuation functions on the

time scale s (in months): cross- 01
dependency between the NAO
and different rainfall series. The
dotted line represents the fitted
curve log—log scale (a), and the
slope of the line is the detrended
fluctuations of the NAO (b) 05
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If H,, ranges between 0.5 and 1, there can be a predictabil-
ity of the processes; otherwise, an inverse or a short-term
correlation can be specified. However, if the H,, is greater
than 1, then, there will not be a fractal structure, and the neg-
ative f,), indicates that a power law does not exist.

In this study, the DMCA cross-correlations were clustered
in similar spatial groups to assess long-range power law. The
K-mean algorithm clustering method was preferred for this
study because of its easy applicability (Jain 2010; Turkes
and Tatli 2011).

Based on the literature available in this field, a commonly
accepted statistical test for the DMCA in the universal context
has not yet been developed. Therefore, a significant critical
value for the DMCA(s) correlation coefficients was found by
generating 500 randomly distributed time series at each grid
point. Since the average of the critical values was found to be
in the range of [0.07-0.22], a critical value of 0.25 was select-
ed, which just greater than 0.22. Our applied method is similar
to the Monte Carlo approach, which is a method used in var-
ious fields (Tatli 2007; Wilks 2011).

4 Results and discussion

Figure 2 shows the statistically significant long-range cross-
correlations with the generalized Hurst exponents between
the NAO and precipitation series in the Ireland’s north—west
region of the ocean and west coasts of North Africa,
Bulgaria, Romania, Poland and Eastern Europe including
Latvia, central Anatolian plateau of Turkey, north—east
Africa, Syria and Iraq.

In addition, the statistically significant correlations are ob-
served in the west and north—west of the Britain Islands, in the
north—west coasts and north—east Africa, in Portugal, in the
east of Spain, in the Middle East, in the east of Europe, and
Turkey’s central Anatolian plateau corresponding to the pos-
itive or negative phases of the NAO values being related to the
rainy or arid weather conditions. However, it is very interest-
ing that there is no long-range significant correlation observed
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in the Western and Central Europe except in the middle region
of Italy.

Here, using the DMCA method, power-law auto-correla-
tions of monthly precipitation were also investigated. For this
purpose, spatial distribution of the generalized Hurst expo-
nents of the precipitation series is calculated as shown in
Fig. 3. This figure shows the spatial distribution of generalized
Hurst exponents obtained by the DFA approach. The general-
ized Hurst exponent indicates the long-term auto-regressive
properties in the precipitation series that imply persistence
(or predictability) (Tatli 2015). The Hurst exponents values
which are greater than or equal 0.5 are seen in the regions of
Iceland, the south—west British Islands, central Europe, south—
western coast of Africa, North Africa, southern Europe,
north—western Turkey, the Crimea, and in a wide area in the
Middle East.

While the patterns given in Figs. 2 and 3 are surveyed
together in the central and north Eastern Europe and
Mediterranean basin, the effects of NAO are apparent in the
areas where rainfall series have high persistence. On the other
hand, in the regions where the Hurst exponents are smaller
than 0.5 signify short or negative relationships.

The cross-correlation coefficients obtained by applying the
DMCA method between the NAO and precipitation series are
investigated for various time scales (s) as shown from Fig. 4.
The time scale used in the study starts from 2 to 116 months.
As seen in Fig. 4a, the significant DMCA cross-correlation
coefficients calculated for 2-month period, pPDMCA(2), are
positive in the regions of Iceland, northern UK and Sweden.
They explain the state of the NAO (positive or negative), and
the NAO shows that it is particularly effective on the precip-
itation during its positive phase effectual precipitation (espe-
cially in the winter months).

The cycles (or time scales) of 3 and 6 months show similar
patterns as obtained for the 2-month given in Fig. 4b, c.
However, as time scale, “s” of the analysis increases, the
DMCA positive correlation coefficients increase and indicate
the spatial expansion of the regions influenced. The long-
range cross-correlation is given in Fig. 4d for time scale of
12 months. The negative correlation coefficients are observed
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in the Eastern Europe, western Mediterranean and western
coasts of Africa, while high positive correlation coefficients
are influential in the northern regions. The coefficients less
than 0.5 in this map imply negative or short-term relationships
between the precipitation series and the NAO. Especially in
winter months, while the NAO is in positive phase, the nega-
tive DMCA cross-correlation coefficients show relatively
drought conditions, and contrarily, during the negative phase
of the NAO, the positive DMCA cross-correlations mark the
warm and rainy conditions. These conditions particularly
demonstrate the effects of Icelandic low-pressure centre and
the Mediterranean frontal cyclones associated with the polar
front moving from North Atlantic regions to south during the
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an important contribution to this process. Additionally, the
polar jet follows a trajectory along the higher latitudes during
the positive-phase NAO.

The spatial distribution of the pPDMCA (60) coefficients
obtained for the cycles over 60 months (5 years) is given in
Fig. 4e. According to this figure, the relationship between the
NAO and precipitation series is more evident, and the increas-
ing values of pPDMCA (60) indicate the expanding zones of
influence in Mediterranean, Eastern and Southern Europe.
Furthermore, the positive coefficients are common over the
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western borders of Europe and Central Europe, and magnitude
of those coefficients on Britain reaches as high as 0.75 (Fig.
4e, f). The Icelandic low-pressure centre deepens as the
Azores high pressure strengthens due to the polar front asso-
ciated with this low pressure, travelling eastward through the
North Atlantic, Northern and Central Europe experiences
rainy period. Accompanying, due to the Azores anticyclone
strengthened in Southern Europe, movement of the western
flows and frontal systems following these flows are prevented

towards the Mediterranean. Consequently, dry weather condi-
tions often occur in Eastern and Southern Europe, north-
western Africa and Turkey.

In the negative phase of NAO, the process is reversed.
Depending on the movement of western currents through to
the Atlantic Ocean and Mediterranean fronts along
southwest—northeast direction associated with the movement
cyclones, warm and rainy air conditions occur during the spa-
tial path of these cyclones.
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The DMCA cross-correlation patterns for the 5-year or
longer time scales between the rainfall series and NAO are
shown in Fig. 4e, f. In these maps, some important notes can
be highlighted in Central and East Africa: (1) subpatterns in
this region behave very different in southern Europe compared
to the Mediterranean regions. (2) During the negative phase of
the NAO, the fronts cannot be so close to these latitudes be-
cause of their trajectories originating from the Mediterranean
frontal regions in NW and NE directions, resulting in warm
and dry weather conditions.

Clustering of the pPDMCA (s) coefficients by using K-mean
method show three major groups as given in Fig. 5. The first
cluster given in Fig. 5a represents the distribution patterns
related to the negative phase of the NAO, and these patterns
denote the long-range negative cross-correlation coefficients
between the NAO and precipitation data, which is especially
evident in the Mediterranean basin.

On the other hand, the second cluster given in Fig. 5b
indicates the situations where the pPDMCA(s) coefficients are
very weak between the NAO and precipitation values, and it
represents the positive phase of NAO, particularly for the
Western and Northern Europe. The third cluster given in Fig.
Sc illustrates the group’s the long-range correlations between
the NAO and precipitation series; it might be evaluated as the
power law of long-range cross-correlations between the pre-
cipitation and NAO with respect to the different time scale
processes without taking account the positive or negative
phases of the NAO.

5 Conclusions

The DMCA technique is a generalization of the DFA ap-
proach based on detrended covariance to illustrate the cross-
correlation between two different non-linear and non-
stationary variables. In this background, we applied the
DMCA method to explore the long-range power law of the
cross-correlations between the NAO and precipitation series.

The analysis results show the long-range cross-correlations
between the precipitation series and the NAO over a large area
between 25-70° N latitudes and 20 W—70° E longitudes
spreading in Europe, the Mediterranean basin and the north—
west Asia and North Africa. Our main findings are summa-
rized as follows.

In the first step, we have shown how the long-range auto-
correlation of the precipitation sequences changes in different
time scales (represented by the symbol s) by the MDFA
approach.

In the second step, the long-range cross-correlation coeffi-
cients, pPDMCA(s), were obtained by the DMCA method. We
have shown that the spatial distribution of the magnitude and
sign of the pPDMCA(s) obtained at different time scales may
be related to the positive and negative phases of the NAO.
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Specifically, the significant cross-correlation coefficients of
pDMCA(2) are positive in the regions covering Iceland, north
England and Sweden. These patterns explain the precipitation
processes in winter months associated with the NAO, as the
low-pressure centre in Iceland over the North Atlantic cause
influential precipitation when the NAO is in its positive phase.

Furthermore, as the time scale s increases, the magnitude of
pDMCA(s) also increases, and the geographical domain that
was affected also expands. In addition, while the negative
cross-correlation coefficients, pPDMCA (12), are observed on
the western coasts of Eastern Europe, the western
Mediterranean and Africa, the high positive cross-correlation
coefficients are obtained in the northern regions. This last
result may imply the negative or short-term relationship be-
tween the precipitation values and NAO.

The magnitude of pPDMCA (60) coefficients increases to-
wards the borders of western and central Europe, and these
coefficients in the UK reach up to 0.75. The large correlation
coefficients observed here indicate the long-term strong cross-
relationship (or predictability) between the precipitation and
the NAO.

As a result, the preliminary analysis results demonstrate
that long-range cross-correlations between the NAO and pre-
cipitation series on the orders of 12 month, and longer time
were found to be much more significant than those of the
short-time periods. Contrary to the studies based on the clas-
sical correlation method, while the classical correlation ap-
proach shows a very short-term relationship, the detrended
(and also cross) fluctuation analysis method is capable of de-
termining the long-term relationship in a selected arbitrary
time scale, s.

In addition, when the cross-correlation coefficients,
pDMCAC(s), are clustered for all time scales (s), three separate
clusters were obtained. The first cluster represents pattern that
corresponds to the negative-phase state of the NAO. This
cluster is a group that shows the regions where the negative
cross-correlation, pPDMCA(s), was observed. It was demon-
strated that these regions where the negative cross-correlations
were seen remain under the influence of the negative phase of
the NAO resulting in warm and rainy periods, and dry spell if
the NAO is in its positive phase. The second cluster represents
the situations where the pPDMCA(s) coefficients are weak, i.e.
the patterns in these areas are the regions where the effect of
NAO is not very strong. The third cluster represents the fea-
tures of both positive and negative phases, or a group of the
rainfall sequences, which are strongly correlated with the
NAO. In other words, cluster 3 is the group that presents the
long-range pDMCA(s) coefficients between the NAO and
precipitation series. During the positive phase of the NAO,

Fig. 5 K-mean clustering of the DMCA cross-correlation coefficients P
between precipitation series and NAO for all cycles (or time scales) from
2 to 115 months. a First cluster. b Second cluster. ¢ Third cluster
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these zones are warm and rainy, but cold and dry meteorolog-
ical conditions are usually experienced during the negative
phase.

The long-range cross-correlations between the NAO and
precipitation series were found in a wide range of area includ-
ing entire Europe, the Mediterranean, North Africa, Middle
East and Caucasus. Therefore, considering the large size of the
study area, it is known that the Arctic and Mediterranean
oscillations (Higgins et al. 2002; Palutikof et al. 1996; Conte
et al. 1989) give rise to influential hydro-meteorological con-
ditions in some subregions. It is expected that the impacts of
these oscillations on the precipitation patterns will be a re-
search topic with the method discussed in this study.
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