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Abstract: Predicting the future behavior of precipitation is of the utmost importance for planning
agriculture or water resource management and in designing water structures. Determining the
relationships between precipitation and the oceans may enable more accurate predictions. Therefore,
oceanic and other persistent indices called teleconnection patterns can be used, namely the North
Atlantic oscillation (NAO) and the Indian Ocean dipole (IOD). The NAO affects the precipitation
patterns in the Atlantic Ocean and Mediterranean countries, such as in Turkey. The IOD is related to
temperature and precipitation in the Indian Ocean coastal countries and in some areas far from the
Indian Ocean. In this study, the effects of the NAO and IOD indices on precipitation in Turkey were
investigated by means of cross-spectral analysis between the monthly total precipitation (mm) and
monthly NAO and IOD index values. Phase shift values were also calculated for the selected periods
and their accuracy was evaluated statistically, using the determination coefficient (R2) and Akaike
information criterion (AIC) as performance criteria for the linear model. The results indicated strong
correlations for the 13-, 14-, 16-, and 22–23-month periods between the NAO index and precipitation
values; and for the 13-, 14-, 16–17-, and 20–21-month periods between the IOD index and precipitation
values. After cross-spectral analysis between the NAO and IOD indices and precipitation values,
the maximum phase shift values increased as the periods increased, while the maximum phase shift
value for each period was almost half of the period value. Moreover, the maximum cross-power
spectral density (CPSD) values increased as the periods increased. High CPSD values were observed
in the west of Turkey for the NAO and in the east of Turkey for the IOD.

Keywords: NAO; IOD; precipitation; cross-spectral analysis; Turkey

1. Introduction

Precipitation is one of the most important components of the hydrological cycle; it
also affects other components such as flow, infiltration, and evaporation. Forecasting future
precipitation behavior is important for planning agriculture or water resource manage-
ment and in designing water structures. The winter and spring precipitation are cyclonic
precipitation in Turkey which are more associated with the ocean oscillation. Summer
precipitation is convectional and occur with the air rising during the day. Precipitation is
highly variable both spatially and temporally in Turkey. Therefore, precipitation prediction
is very difficult. Atmospheric physics and climatic processes are important for prediction
of precipitation in Turkey. Short-term precipitation forecasting models such as European
Centre for Medium-Range Weather Forecasts (ECMWF ERA5), Weather Research and
Forecasting (WRF), ALadin and AROme (ALARO), Climate Forecast System (CFS) and
Global Forecast System (GFS) are used to prediction of Turkey’s precipitation. However,
the verification and comparison of these models has been not carried out for entire Turkey
so far. The studies were performed usually for single model, limited region, very short
term events, and not for all months. Oceans play an important role in the Earth’s climate,
so determining the relationships between precipitation and the climate indicators related to
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the oceans may enable more accurate precipitation forecasts. The climate indicators related
to the oceans are called oceanic oscillations because of their periodic behavior. The physical
links between ocean oscillations and precipitation may be explained as follows. Pressure
or temperature differences on the oceans’ surfaces cause the movement of air masses. The
movement of air masses determine in which regions precipitation will occur. For example,
the sea level pressure differences between the north and the center of the Atlantic Ocean,
(the North Atlantic oscillation—NAO), cause movements of air masses in north and south
directions. Sea surface temperature differences (Indian Ocean dipole—IOD) between the
east and west of the Indian Ocean cause the movement of air masses in the east and west
directions. Since the beginning of the 20th century, researchers have investigated the
relationships between low-frequency fluctuations in atmospheric circulation and weather
patterns [1]. Because of the transient behavior of atmospheric planetary-scale waves, si-
multaneous changes occur at very different points on earth. These simultaneous changes
in climate are commonly referred to as “teleconnections” in the meteorology literature [2].
Teleconnections can comprise a basis for long-term climate forecasts [1].

While Walker [3] was researching the Indian monsoon rainfall forecasts, he noticed
that the time series of mean sea level pressure and surface air temperature data during
the winter at stations in North America and Europe were strongly correlated with each
other. He realized that this strong correlation was a reflection of planetary-scale fluctua-
tions, which he termed the North Atlantic oscillation (NAO) [3–5]. The NAO is associated
with changing westerlies from the Northern Atlantic to Europe [6]. The NAO is the most
prominent and recurrent pattern of atmospheric variability in the middle and high latitudes
of the Northern Hemisphere, especially during the cold season (November–April). The
NAO determines climate variability from the East Coast of the United States to Siberia and
from the Arctic to the subtropical Atlantic, especially during the winter months; therefore,
changes in the NAO are important to society and the environment [7]. The NAO has the
greatest impact on precipitation in Western Europe and it increases precipitation from the
British Isles to Scandinavia [8]. Rain occurs in Europe during the positive phase of the NAO,
while heavy rainfall occurs in the Mediterranean basin during its negative phase [9]. Dry
wintertime conditions in Southern Europe and the Mediterranean and wetter than normal
conditions in Northern Europe and Scandinavia since 1980 are also linked to the NAO’s
behavior [10]. The NAO index represents information about temperature, storms, precipita-
tion, cloudiness, hydrographic characteristics, mixed-layer depths, and circulation patterns
in the ocean [2]. The relationship between precipitation and the NAO has previously been
investigated in the East Coast of United States [1], Italy [11], Morocco [12], Spain [13,14],
and France [15,16], among other. These studies proved the relationship between the NAO
and precipitation in the Atlantic coast and Mediterranean basin countries. The findings and
results for some of these studies are as follows. Castro et al. [13] investigated the effect of
the NAO on precipitation in Spain. They established simple and multiple linear regression
models using monthly, seasonal, and annual precipitation data and the corresponding
NAO index values to predict precipitation. They showed that the NAO index may be used
for forecasting seasonal precipitation, especially fall precipitation. Garcia et al. [14] showed
the relationships between precipitation in Galicia, Spain, and the NAO index at 8 years
period using singular spectrum analysis.

On the other hand, predictions of the NAO are useful for the economy and envi-
ronment, and therefore several dedicated forecasting methods and services have been
developed. Based on the principal components of sea surface temperature (SST) changes,
Saunders and Qian [17] improved an empirical model to predict winter NAO index.
Eshel [18] used the North Pacific surface pressure to produce 21-month forecasts of NAO
based on various autoregressive models. Recently, Wang et al. [19] developed a new em-
pirical model which is skillful empirical model using multiple linear regression (MLR) to
predict winter NAO variability. Dobrynin et al. [20] used a dynamical ensemble model
to produce seasonal NAO forecasts. Lastly, Chlaściak and Niedzielski [21] proposed a
new approach for forecasting the NAO index based on predictions of sea level anomalies
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(SLAs). One of the main results of the study is that it is possible to produce long-term (up
to 3-months) predictions of the NAO index based solely on SLAs. As seen in the literature,
predicting to NAO index and validation of prediction is important issue. New approaches
must be capable of make both the future prediction of the NAO index and verify it with
historical data. Therefore, this study may be a method for making these verifications.

Saji et al. [22] developed a dipole mode index called the Indian Ocean dipole (IOD),
which causes interannual climate change in the tropical Indian Ocean. This pattern has
internal variability with anomalously low sea surface temperatures off Sumatra and high
sea surface temperatures in the Western Indian Ocean [22]. The IOD contains two large-
scale, distinct anomaly patterns that are related to temperature and precipitation in the
Indian Ocean coastal countries. In the first pattern, land temperatures and precipitation
are abnormally high in the countries on the western coast of the Indian Ocean, while
abnormally they are low on the eastern coast. In the second pattern, Asian monsoon rain
increases and extends from Pakistan to southern China. In addition, the IOD effects are
also seen in some areas far from the Indian Ocean. The IOD events also affect Europe,
northeast Asia, North and South America, and South Africa. Positive IOD values correlate
with warm land surfaces and decreasing precipitation in these regions [23].

There are many studies in the literature showing that the IOD affects precipitation
in America, Europe, Africa and Asia, East Africa and Indonesia [22,24], Ethiopia [25],
East Asia [26], Asia [27], Pakistan [28], Australia and Brazil [29], Europe [30], and South
America [29,31]. From these studies, Hussein et al. [28] investigated the relationship
between the Indian Ocean dipole (IOD) and precipitation in Pakistan using data from
1958–2010. They found a significant positive correlation between the IOD index and annual
and summer precipitation.

Turkey is situated in the Northern Hemisphere in the eastern Mediterranean region,
which is the impact zone for maritime and continental air masses. In the winter season,
maritime polar air masses from the North Atlantic Ocean and continental polar air masses
from Siberia occur; in the summer season, the maritime air masses from the Central Atlantic
Ocean (Azores) and continental tropical air masses from the North Africa constitute rainfall
occur [32]. Precipitation in Turkey is usually associated with the activities of the above-
mentioned air masses, except for the convectional precipitation in summer [33]. In parallel
to the above studies, the relationships between the NAO index, precipitation, and other
climate parameters in Turkey have also been investigated by numerous studies [33–41].
Some of these studies have indicated that winter precipitation regimes in western and
central Turkey are substantially influenced by the NAO [33,34]. From these studies, Türkeş
and Erlat [34] investigated the effect of the NAO on precipitation in Turkey. For this pur-
pose, monthly total precipitation data from 78 stations in Turkey for the period 1930–2000
were used. They found a negative relationship between the NAO index and precipitation.
Spatially coherent and statistically significant changes in precipitation were more evident
in western and central Turkey for extreme NAO phases.

Turkey is divided into seven rainfall regions in terms of the percentages of seasonal
rainfall versus the annual rainfall total, as shown in Figure 1 [33]. The Köppen–Geiger
climate classification for Turkey is given in Figure 2 [42]. Accordingly, there are 13 different
climate regions in Turkey.

The aim of this study is investigating the influences of the NAO and the IOD on
precipitation in Turkey through cross-spectral analysis. For this purpose, 239 stations were
considered, which are located in different regions of Turkey. We also checked the phase
shift values obtained after the cross-spectral analysis by means of performance criteria
from linear models. This paper consists of four sections. In Section 2, the data description
and method explanation are provided. Results for the linkages between teleconnection
patterns and precipitation are given in Section 3 and the statistical model is presented. The
last part, Section 4, is devoted to the conclusions. The temporal variations of monthly
total precipitation and monthly NAO and IOD index values are periodic signals consisting
of many different frequencies, besides including trends and noise. Since the signals are
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periodic, they are studied in the frequency domain instead of the time domain. A general
flow chart of this study is given in Figure 3.
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Figure 1. Rainfall regions of Turkey shown over on a physical map. The dots are locations of the
meteorology stations, along with first letter of each station name. BLS: Black Sea; MRT: Marmara Tran-
sition; MED: Mediterranean; MEDT: Mediterranean Transition; CMED: Continental Mediterranean;
CCAN: Continental Central Anatolia; CEAN: Continental Eastern Anatolia [33].
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Figure 2. The Köppen–Geiger climate classification for Turkey. BSk: arid steppe cold; Bwh: arid
desert hot; Cfa: temperate without dry season, hot summer; Cfb: temperate without dry season,
warm summer; Csa: temperate, dry summer, hot summer; Csb: temperate, dry summer, warm
summer; Dfa: cold without dry season, hot summer; Dfb: cold without dry season, warm summer;
Dfc: cold without dry season, cold summer; Dsa: cold, dry summer, hot summer; Dsb: cold dry
season warm summer; Dsc: cold, dry season, cold summer; ET: polar tundra [42].
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2. Material and Method

Monthly total precipitation (mm) and monthly NAO and IOD index values are the
data used in this study. Auto-spectral and cross-spectral analyses were applied and the
base periods and phase shifts of the data were determined. Min–max normalization
was performed on the precipitation data and the NAO and IOD index values before the
analyses. Before the auto-spectral analysis, five-point median filter and linear detrending
processes were applied to the normalized index values, whereas only linear detrending
was performed for the normalized precipitation data. The sea level pressure values used
for the calculation of the NAO index are significantly affected by small-scale and transient
meteorological events not related to the NAO, and therefore contain noise [2]. For this
reason, a five-point median filter was applied to index values. Before the cross-spectral
analysis, five-point median filter and linear detrending processes were applied to both the
normalized indices and normalized precipitation data.

2.1. Meteorology Stations and Precipitation Data

In this study, 239 Turkish State Meteorological Service meteorology stations containing
uninterrupted monthly total precipitation (mm) data for a length of at least 30 years from
across the different regions of Turkey were used. Later in this paper, analysis results are
examined in detail for Bodrum and Igdir meteorology stations (Figure 4). Precipitation
measurements for the Bodrum station were started in 1938 (Figure 5) and for Igdir station
in 1957 (Figure 6); values up to the end of 2017 were used in this study for both stations.
Before the analyses, the monthly total precipitation height (Pi) values for each station were
brought to the range of 0 to 1 (Pni) by performing min–max normalization (Equation (1)).

Pni =
Pi − Pmin

Pmax − Pmin
(1)
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Figure 4. The meteorology stations considered in this study.
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Figure 5. Monthly total precipitation (mm) data for Bodrum meteorology station.
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2.2. NAO Data

The NAO indices are calculated by using normalized sea level pressure (SLP) dif-
ferences from a northern and a central Atlantic station. Some common station couples
are Ponta Delgada (Azores) and Stykkisholmur (Reykjavik, Iceland); Lisbon (Portugal)
and Stykkisholmur (Reykjavik, Iceland); and Gibraltar (Iberian Peninsula) and Reykjavik
(Iceland) [43]. The monthly NAO index data from between 1865 and 2017 used in this
study were calculated by subtracting the normalized sea level pressure (SLP) values of
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Stykkisholmur (northern station) from the Ponta Delgada (southern station) values [44],
which are given in Figure 7. Before the analyses, the NAO index values were brought
between 0 and 1 by performing min–max normalization (Equation (2)).

NAOni =
NAOi −NAOmin

NAOmax −NAOmin
(2)
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Figure 7. The monthly NAO index values for the period 1865−2017.

2.3. IOD Data

The monthly IOD index data for between 1870 and 2017 used in this study were
calculated by subtracting the southeastern Indian Ocean sea surface temperature anomaly
(SSTA) (90◦–110◦ E, 10◦–0◦ S) values from western Indian Ocean sea surface temperature
anomaly (50◦–70◦ E, 10◦S–10◦ N) values [22,45], which are given in Figure 8. Before the
analyses, the IOD index values were brought in between 0 and 1 by performing min–max
normalization (Equation (3)).

IODni =
IODi − IODmin

IODmax − IODmin
(3)
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Figure 8. The monthly Indian Ocean dipole (IOD) index values for the period 1870−2017.

2.4. Auto-Spectral and Cross-Spectral Analysis

Auto-spectral analysis describes the distribution of variance in one single time series
signal over a frequency or wavelength. The power spectrum of a time series shows the
distribution of power into frequency components of the signal. A common method used to
calculate the power spectrum is the periodogram method, which is a special case of the
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method used by Blackman and Tukey [46]. A periodogram is a nonparametric estimate
of the power spectral density of a stationary random process. A periodogram is a Fourier
transform of the biased estimate of the autocorrelation sequence and is calculated as in the
Equation (4).

P̂( f ) =
∆t
N

∣∣∣∣∣N−1

∑
n=0

xne−j2π f ∆tn

∣∣∣∣∣
2

,
−1
2∆t

< f <
1

2∆t
(4)

where P̂ is the power spectral density, ∆t is the sampling interval, f is the frequency,
and N is the number of data points. Computation of the power spectrum can only be
performed at a limited number of frequencies using a fast Fourier transform (FFT). An FFT
is a method used for computing a discrete Fourier transform, which is an approximation
of the continuous Fourier transform in a short time. Most FFT algorithms divide the
transformation into two pieces of size N/2 at each step. Hence, the dimensions of the
transformation are equal to the power of two. The spectrum is calculated using the
frequency close to the number of data points in the original x signal [47].

Cross-spectral analysis relates two-time series in the frequency domain
(Equations (5) and (6)).

Pxy(w) =
∞

∑
m=−∞

Rxy(m)e−jwm (5)

Rxy(m)= E{xn+my∗n}= E{xny∗n−m} (6)

where Pxy is the cross-spectral power density containing amplitude and phase information
for x and y time series, Rxy(m) is the cross-correlation sequence, and E is the expected value.

3. Results and Discussion

After auto-spectral analysis, power spectral densities were obtained for the NAO and
IOD indices (Figure 9) and for monthly total precipitation data. Power spectral density
graphs for the Bodrum and Igdir meteorology stations are given in Figure 10.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 18 
 

P f =
∆t
N xne j2πf∆tn

N 1

n=0

2 ,   −1
2∆t <f<

1
2∆t 

(4)

where 𝑃 is the power spectral density, Δt is the sampling interval, f is the frequency, and 
N is the number of data points. Computation of the power spectrum can only be per-
formed at a limited number of frequencies using a fast Fourier transform (FFT). An FFT is 
a method used for computing a discrete Fourier transform, which is an approximation of 
the continuous Fourier transform in a short time. Most FFT algorithms divide the trans-
formation into two pieces of size N/2 at each step. Hence, the dimensions of the transfor-
mation are equal to the power of two. The spectrum is calculated using the frequency close 
to the number of data points in the original x signal [47]. 

Cross-spectral analysis relates two-time series in the frequency domain (Equations 
(5) and (6)). 

Pxy w = Rxy(m)e jwm
∞

m=-∞

 (5)

Rxy m =E xn+myn
* =E xnyn-m

*  (6)

where Pxy is the cross-spectral power density containing amplitude and phase information 
for x and y time series, Rxy(m) is the cross-correlation sequence, and E is the expected 
value. 

3. Results and Discussion 
After auto-spectral analysis, power spectral densities were obtained for the NAO and 

IOD indices (Figure 9) and for monthly total precipitation data. Power spectral density 
graphs for the Bodrum and Igdir meteorology stations are given in Figure 10. 

  

Figure 9. Auto-spectral analysis results for the monthly North Atlantic oscillation (NAO) and IOD indices. 

Figure 10. Auto-spectral analysis results for monthly total precipitation at Bodrum and Igdir stations. 

0.0

0.1

0.2

0.3

0.4

0 0.1 0.2 0.3 0.4 0.5

Po
w

er
 Sp

ec
tr

al
 D

en
sit

y

Frequency

NAO
1 year

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.1 0.2 0.3 0.4 0.5

Po
w

er
 Sp

ec
tr

al
 D

en
sit

y

Frequency

IOD

1 year

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5

Po
w

er
 Sp

ec
tr

al
 D

en
sit

y

Frequency

Bodrum1 year

6 months
0

1

2

3

0 0.1 0.2 0.3 0.4 0.5

Po
w

er
 Sp

ec
tr

al
 D

en
sit

y

Frequency

Igdir
6 months

4 months

1 year

Figure 9. Auto-spectral analysis results for the monthly North Atlantic oscillation (NAO) and IOD indices.
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Figure 10. Auto-spectral analysis results for monthly total precipitation at Bodrum and Igdir stations.
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As expected, strong power spectral density values can be observed for periods longer
than 1 year (frequencies smaller than 0.083) in the power spectral density graphs of the
NAO and IOD indices (Figure 9). On the contrary, again as expected, strong power spectral
density values can be observed for periods of 1 year or shorter (frequencies greater than
0.083) in the power spectral density graphs of the monthly total precipitation.

As expected, the strongest power spectral density value can be observed for the annual
period (frequency = 0.083) in the power spectral density graph for the Bodrum meteorology
station, while the second strongest power spectral density value is at the frequency of
0.167, corresponding to the 6-month period. The power spectral density values of the other
periods are negligible. For Igdir meteorology station, the strongest power spectral density
value can be observed for the semiannual period (frequency = 0.167) in the power spectral
density graph. Other strong power spectral density values can be seen at the frequencies of
0.083 and 0.25, corresponding to the 12- and 4-month periods, respectively (Figure 10).

Generally, according to the power spectral density values, dominant periods for
monthly total precipitation in Turkey are 12, 6, and 3 months. Power spectral density
values at frequencies corresponding to periods greater than 1 year are very weak compared
to the dominant periods.

Normalized, five-point median-filtered, and detrended monthly total precipitation
values for the meteorology stations with the NAO and IOD indices were used in the
cross-spectral analysis. CPSD graphs of Bodrum-NAO and Igdir-IOD after cross-spectral
analysis are given in Figure 11.
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Figure 11. Cross-spectral analysis results of Bodrum-NAO and Igdir-IOD with red noise.

The red lines in Figure 11 represent the red noise. A red noise line is drawn to
determine the noise that may reach the CPSD values even after the median filter. Red noise
is used to describe various types of noise, including low-frequency fluctuations from the
interactions of white noise with the slow-response components of the system. There is also
notable empirical evidence that the red noise model provides a reasonable description of
the noise spectra for various climatic and hydrological time series, including long-term
climate records [48], historical sea and air surface temperature data [49,50], and station
precipitation data [51,52]. The red noise spectrum is defined by the spectral density of the
first order autoregressive AR (1) model [53]. The power spectrum of the AR 1 model is
given in Equation (7) [54].

S( f )= S0
1− r2

1− 2rcos
(

2π f
fN

)
+r2

(7)

where S0 = σ2

1−r2 ≥ 0 is the average value of the power spectrum; r is the lag-1 autocorrela-

tion; fN = 1
∆t is the Nyquist frequency; ∆t is the sampling interval; f is the frequency; σ2 is

the variance of the time series.
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In the cross-spectral analysis, peaks corresponding to periods 1 year and shorter
having frequency values greater than 0.083 were not taken into account, since a 5-point
median filter was applied to precipitation and index values. The cross-spectral analysis
graphs were examined in detail. In Figure 11 for Bodrum-NAO and Igdir-IOD, the peaks
were not taken into account, which are below the red noise line. The frequencies, periods
(months), CPSD values, and phase shift (Months) of the peaks are given in Table 1.

Table 1. Frequency, period, cross-power spectral density (CPSD), and phase shift values of the peaks from Figure 11.

Bodrum-NAO Igdir-IOD

Peak
Num Frequency Period CPSD Phase

Shift
Peak
Num Frequency Period CPSD Phase

Shift

P1 0.039551 25 0.086702 6 P1 0.043457 23 0.117002 −5
P2 0.044922 22 0.087209 −8 P2 0.049805 20 0.116221 −4
P3 0.060059 17 0.053597 3 P3 0.053223 19 0.076957 1
P4 0.064453 16 0.143938 −7 P4 0.056152 18 0.136801 3
P5 0.073242 14 0.045073 −6 P5 0.060059 17 0.058649 −5
P6 0.077637 13 0.078003 −5 P6 0.066406 15 0.046864 2

P7 0.069336 14 0.074182 −3
P8 0.073730 14 0.042564 4

In Table 1, negative phase shift values show the leading cases for the NAO and IOD
indices. Similarly, the same procedures were performed for all meteorological stations and
the numbers of stations in the periods with negative phase shifts were obtained.

Analyses were repeated with the removing harmonics that are periodic with the
annual cycle. For this purpose, min–max normalization and linear detrend were applied
to the NAO, IOD, Bodrum and Igdir data. The climatological average of the harmonics
that are periodic with the annual cycle were removed and to see the effect of removed
harmonics, 5-point median filter was not performed. Then cross spectral analyses were
repeated for Bodrum-NAO and Igdir-IOD Figure 12. Frequency values in Figure 12 are
shown between 0 and 0.1 in order to compare them with the peaks in Figure 11.
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Figure 12. Cross-spectral analysis results of Bodrum-NAO and Igdir-IOD with removed harmonics.

The frequencies, periods (months), CPSD values, and phase shift (months) of the
peaks for the removed harmonics were given in Table 2.

In Table 2, negative phase shift values show the leading cases for the NAO and IOD
indices. Similar periods were found with the values in Table 1 for both Bodrum-NAO
and Igdir-IOD, and the same or maximum of 1-month different phase shift values were
observed. In the next steps of the study, the results obtained with non-removed harmonics
will be taken into consideration.
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Table 2. Frequency, period, CPSD, and phase shift values of the peaks from Figure 12.

Bodrum-NAO Igdir-IOD

Peak
Num Frequency Period CPSD Phase

Shift
Peak
Num Frequency Period CPSD Phase

Shift

P1 0.039551 25 0.096240 5 P1 0.043457 23 0.119168 −6
P2 0.044922 22 0.048841 −7 P2 0.049805 20 0.134552 −5
P3 0.060059 17 0.043726 6 P3 0.053223 19 0.109736 3
P4 0.063965 16 0.090910 7 P4 0.056641 18 0.120374 4
P5 0.073242 14 0.033206 6 P5 0.05957 17 0.077557 −4
P6 0.077637 13 0.072500 −4 P6 0.066406 15 0.093127 3

P7 0.069336 14 0.084341 −3
P8 0.073730 14 0.057047 4

As a result of cross-spectral analysis between meteorology stations and the NAO
and IOD indices, the CPSD, frequency, period, and phase shift values were obtained. The
frequency, period, and negative phase shift values corresponding to the CPSD values
above the red noise line were determined. The number of stations showing a relationship
with the NAO and the IOD in periods of 13 months or longer (NAO-Stations (NAO-ST)
and IOD-Stations (IOD-ST)) and average phase shift values for each period (NAO- Phase
shift (NAO_PH) and IOD- Phase shift (IOD_PH)) are shown in Figure 13. In addition,
coefficients of variation for phase shift values were calculated for each period (Figure 14).
The periods were selected according to the number of meteorology stations correlated
with the NAO and IOD indices. Periods with a large number of meteorology stations and
corresponding to small phase shift coefficient of variation values were considered. Thus,
13-, 14-, 16-, and 22–23-month periods were determined for the NAO; while 13-, 14-, 16–17-,
and 20–21-month periods were determined for the IOD.

Inverse-distance-weighted (IDW) spatial interpolation was performed on phase shift
values and was then mapped for the NAO (Figure 15a) and IOD (Figure 15b). Similar
spatial interpolations were performed for CPSD values, which were then mapped for the
NAO (Figure 16a) and IOD (Figure 16b).
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According to Figure 15a, phase shift values between the NAO and meteorology
stations were clustered for the 13-month period in the west of Turkey, for the 14-month
period in the inner west and east of Turkey, for the 16-month period in the south of Turkey,
and for 22–23-month period in the west and north of Turkey. The phase shift values
between the NAO and meteorological stations were mostly clustered in the west for the
22–23-month periods. This means that the stronger relationships were observed in the west
because the Atlantic Ocean is closer to the west of Turkey.

According to the Figure 15b, phase shift values between the IOD and meteorology
stations were clustered for the 13-month period in the west of Turkey, for the 14-month
period in central Turkey, for the 16–17-month period in the east of Turkey, and for the
20–21-month period in the east and southeast of Turkey. On the contrary, for the NAO,
the phase shift values between the IOD and meteorology stations were clustered for the
20–21-month period in the east. This means that the stronger relationships were observed
in east because the Indian Ocean is closer to the east of Turkey.

For both indices, the maximum phase shift values increased as the periods increased,
and the maximum phase shift value for each period was almost half of the period value
(Figure 15).

According to the Figure 16a, CPSD values between the NAO and meteorology stations
were clustered for the 13-month period in the west of Turkey, for the 14-month period in
central and the east of Turkey, for the 16-month period in the south of Turkey, and for the
22–23-month period in the west and north of Turkey. The CPSD values between the NAO
and meteorology stations were mostly clustered in the west for the 22–23-month period.
This means that the stronger relationships were observed in the west because the Atlantic
Ocean is closer to the west of Turkey.

According to the Figure 16b, CPSD values between the IOD and meteorology stations
were clustered for the 14-month period in central Turkey, for the 16–17-month period in
the east and northwest of Turkey, and for the 20–21-month period in the east and southeast
of Turkey, while for the 13-month period no specific clustering was determined. In contrast
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to the NAO, the CPSD values between the IOD and meteorology stations were clustered
for the 20–21-month period in the east. This means that the stronger relationships were
observed in the east because the Indian Ocean is closer to the east of Turkey.

For both indices, the maximum CPSD values increased as the periods increased. High
CPSD values were located in the west of Turkey for the NAO and east of Turkey for the
IOD (Figure 16).

The following study was carried out in order to assess the relationships between the
periods and the phase shift values from another perspective. The phase shift was calculated
as 7.67 months between monthly total precipitations measured at the Bodrum meteorology
station and the NAO index for the 22-month period. This result indicates that the effect of
the NAO is seen after 7.67 months in Bodrum meteorology station precipitation data. A
22-month band-pass filter was applied to the NAO index and the monthly total precipita-
tion values for Bodrum meteorology station. Then, the stationarity of the band-pass-filtered
series was verified with the Dickey–Fuller stationarity test [55] before performing the least
squares linear regression model (Equation (8)). According to different phase shift values,
the band-pass-filtered NAO index values were shifted for the relevant phase shift. Thus,
the NAO leads in terms of precipitation.

yi= c + βxi−j+ε (8)

where c and β are coefficients of the linear model; x is the index value (NAO, IOD) (in-
dependent variable); y is the precipitation value for each meteorology stations (Bodrum,
Igdir) (dependent value); j is the phase shift in months; j = 0, 1, 2, . . . , 9, 10 values were
used in this study.

The determination coefficient (R2) and Akaike information criterion (AIC) values
were used as performance criteria for the linear models. Higher R2 and lower AIC values
indicate a strong relationship between dependent and independent variables. According
to different phase shift values, R2 and AIC values were obtained (Table 3). After the
cross-spectral analysis, the phase shift was calculated as 7.67 months between monthly
total precipitations measured at the Bodrum meteorology station and the NAO index for
the 22-month period. In the statistical analysis, the highest relationship was observed
at the 7-month phase shift mark for Bodrum and the NAO models, as expected. Thus,
the highest R2 value is 0.994 and the lowest AIC value is −17.240 (bold in the Table 3)
for Bodrum-NAO at the 7-month phase shift mark. A similar process was applied to the
IOD index and Igdir precipitation values for the 20-month period. The phase shift was
calculated as 4.33 months for this period, and as expected the highest relationship was
observed at the 4-month phase shift. The highest R2 value was 0.918 and lowest AIC value
was −8.596 for Igdir-IOD at the 4-month phase shift (bold in the Table 3, Figure 17).

Table 3. The R2 and Akaike information criterion (AIC) values for Bodrum-NAO and Igdir-IOD
(Bold values indicate highest relationship).

Bodrum-NAO Igdir-IOD

Phase Shift
(Months) R2 AIC R2 AIC

0 0.204 −12.323 0.114 −6.223
1 0.035 −12.130 0.360 −6.547
2 0.009 −12.103 0.644 −7.132
3 0.133 −12.237 0.857 −8.045
4 0.369 −12.557 0.918 −8.596
5 0.646 −13.137 0.802 −7.719
6 0.879 −14.208 0.555 −6.908
7 0.994 −17.240 0.271 −6.414
8 0.957 −15.246 0.060 −6.158
9 0.778 −13.608 0.003 −6.097
10 0.514 −12.822 0.120 −6.220
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4. Conclusions

This paper focuses on the effects of the different teleconnection patterns, namely
the NAO and IOD indices, on precipitation in Turkey. For this purpose, 239 different
meteorology stations were considered, then cross-spectral analysis were performed be-
tween the indices and precipitation values. The remarkable results from this study can be
summarized as follows:

• The phase shift (Figure 15) and cross-power spectral density (CPSD) (Figure 16)
clusters are not consistent with the rainfall regions (Figure 1) and climate regions
(Figure 2) in Turkey. Phase shift and CPSD clusters move in an east–west direction
according to the period;

• According to the cross-spectral analysis results, phase shift and CPSD values between
the NAO and meteorology stations were mostly clustered in the west of Turkey for
the 22–23-month period. This means that the stronger relationships were observed in
the west because the NAO is closer to west of Turkey. Similarly, phase shift and CPSD
values between the IOD and meteorology stations were clustered for the 20–21-month
period in the east and southeast of Turkey. Accordingly, the stronger relationships
were observed in the east because the IOD is closer to east of Turkey. Therefore,
Bodrum meteorology station in the west and Igdir meteorology station in the east
were examined as examples in this study according to the strong relationships with the
NAO and the IOD indices, respectively, for the above periods. Moreover, NAO2223
and IOD2021 showed strong relationships with western and eastern meteorology
stations, respectively, in close periods (20–21 months and 22–23 months);

• The phase shift was calculated as 7.67 months for Bodrum-NAO in the 22-month
period and as 4.33 months for Igdir-IOD in the 20-month period by cross-spectral
analysis. These results indicate that the effect of the NAO is seen after 7.67 months in
Bodrum meteorology station precipitation data and the effect of the IOD is seen after
4.33 months in Igdir meteorology station precipitation data. According to different
phase shift values, the R2 and AIC values were obtained. Higher R2 and lower AIC
values indicate a strong relationship between dependent and independent variables.
After the linear modeling undertaken to statistically check the accuracy of the above
values, the highest R2 (0.994 for Bodrum-NAO, 0.918 for Igdir-IOD) and lowest AIC
(−17.240 for Bodrum-NAO, −8.596 for Igdir-IOD) values of the model were obtained
at the 7-month phase shift point for Bodrum-NAO and at the 4-month phase shift
point for Igdir-IOD. Thus, the phase shift values obtained for relevant period after the
cross-spectral analysis were statistically verified;

• The NAO and the IOD indices can be used in precipitation forecast studies in western
and eastern Turkey, respectively.

In the next study, prediction models will be created using the relationships obtained.
The calculations should be made for a certain period; since the power is higher in longer
periods, the periods used should be as long as possible. Both ocean oscillation and precip-
itation data (signals) are superpositions of sine waves with different periods. Therefore,
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the original precipitation and index data should be used in the model after a reasonable
band-pass filter has been applied for the studied frequency, while the phase shift in the
relevant period should be considered.
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9. Tatlı, H.; Menteş, Ş.S. Detrended cross-correlation patterns between North Atlantic oscillation and precipitation. Theor. Appl. Climatol.

2019, 138, 387–397. [CrossRef]
10. Hurrell, J.W.; Van, L.H. Decadal variations in climate associated with the North Atlantic oscillation. Clim. Chang. 1997, 36,

301–326. [CrossRef]
11. Vergni, L.; Lena, B.D.; Chiaudani, A. Statistical characterization of winter precipitation in the Abruzzo region (Italy) in relation to

the North Atlantic Oscillation (NAO). Atmos. Res. 2016, 178–179, 279–290. [CrossRef]
12. Zamrane, Z.; Turki, I.; Laignel, B.; Mahé, G.; Laftouhi, N.E. Characterization of the interannual variability of precipitation and

streamflow in Tensift and Ksob basins (Morocco) and links with the NAO. Atmosphere 2016, 7, 84. [CrossRef]
13. Castro, A.; Vidal, M.I.; Calvo, A.I.; Fernández, R.M.; Fraile, R. May the NAO index be used to forecast rain in Spain? Atmosfera

2011, 24, 251–265.
14. Garcia, N.O.; Gimeno, L.; Torre, D.L.L.; Nieto, R.; Añel, J.A. North Atlantic Oscillation (NAO) and precipitation in Galicia (Spain).

Atmosfera 2005, 18, 25–32.
15. Massei, N.; Durand, A.; Deloffre, J.; Dupont, J.P.; Valdes, D.; Laignel, B. Investigating possible links between the North Atlantic

Oscillation and precipitation variability in Northwestern France over the past 35 years. J. Geophys. Res. 2007, 112, D09121.
[CrossRef]

16. Hermida, L.; López, L.; Merino, A.; Berthet, C.; García, O.E.; Sánchez, J.L.; Dessens, J. Hailfall in southwest France: Relationship
with precipitation, trends and wavelet analysis. Atmos. Res. 2015, 156, 174–188. [CrossRef]

17. Saunders, M.A.; Qian, B. Seasonal predictability of the winter NAO from North Atlantic sea surface temperatures.
Geophys. Res. Lett. 2002, 29, 1–6. [CrossRef]

18. Eshel, G. Forecasting the North Atlantic Oscillation using North Pacific surface pressure. Mon. Weather Rev. 2003, 131, 1018–1025.
[CrossRef]

http://doi.org/10.1007/s00704-007-0345-x
http://doi.org/10.1016/j.jmarsys.2009.11.002
http://doi.org/10.1002/qj.49712656402
http://doi.org/10.1029/134gm01
http://doi.org/10.1002/(SICI)1097-0088(19990315)19:3&lt;253::AID-JOC366&gt;3.0.CO;2-0
http://doi.org/10.1007/s00704-019-02827-7
http://doi.org/10.1007/978-94-015-8905-5_4
http://doi.org/10.1016/j.atmosres.2016.03.028
http://doi.org/10.3390/atmos7060084
http://doi.org/10.1029/2005JD007000
http://doi.org/10.1016/j.atmosres.2015.01.005
http://doi.org/10.1029/2002GL014952
http://doi.org/10.1175/1520-0493(2003)1312.0.CO;2


Atmosphere 2021, 12, 99 17 of 18

19. Wang, L.; Ting, M.; Kushner, P.J. A robust empirical seasonal prediction of winter NAO and surface climate. Sci. Rep. 2017, 7, 279.
[CrossRef]

20. Dobrynin, M.; Domeisen, D.I.V.; Müller, W.A.; Bell, L.; Brune, S.; Bunzel, F.; Düsterhus, A.; Fröhlich, K.; Pohlmann, H.; Baehr, J.
Improved teleconnection based dynamical seasonal predictions of boreal winter. Geophys. Res. Lett. 2018, 45, 3605–3614.
[CrossRef]
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32. Sariş, F.; Hannah, D.M.; Eastwood, W.J. Spatial variability of precipitation regimes over Turkey. Hydrol. Sci. J. 2010, 55, 234–249.
[CrossRef]
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