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ABSTRACT 

Lake Van, which is the largest soda lake of the earth, lies in the Eastern Anatolian High 

Plateau. Two different composite cores, that span the last 250 kyr and 90 kyr, were drilled in 

Lake Van within the framework of PALEOVAN project (ICDP). In order to test the theories 

of quasi-periodic behavior of climate, generated by astronomical and solar forces, this study 

investigates the cycles in Lake Van sediment geochemistry data by the Lomb-Scargle 

Periodogram (LSP) spectral method. The results are correlated with the Eastern 

Mediterranean LC21 sediment core, Soreq and Sofular Cave speleothem stable isotope data 

LSP results. The analyses show the presence of the Milankovitch cycles, harmonics of the 

Milankovitch cycles, Holocene Bond cycles and the Hallstadtzeit solar cycle. However, the 

results do not give a 1500 year cycle for 11.5-75 kyr BP interval. 

Keywords: Eastern Mediterranean, Holocene Bond cycle, Lomb-Scargle periodogram, 

paleoclimate, solar cycles 
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ÖZ 

Dünya’nın en büyük sodalı gölü olan Van Gölü, Doğu Anadolu Yüksek Platosu’nda yer 

almaktadır. ICDP projesi olan PALEOVAN kapsamında, Van Gölü’nden son 250 bin yılı ve 

90 bin yılı temsil eden iki karot alınmıştır. Bu çalışmada, astronomik ve solar döngülerin 

etkileri ile oluştuğu düşünülen, iklimin yarı periyodik davranışını sınamak amacıyla Van Gölü 

çökelleri jeokimya verileri Lomb-Scargle Periodogramı (LSP) spektral yöntemi ile analiz 

edilmiştir. Elde edilen sonuçlar, Doğu Akdeniz LC21 çökel karotu ve Soreq ile Sofular 

Mağaraları speleotem duraylı izotop verileri LSP sonuçlarıyla karışılaştırılmıştır. Analizler 
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Milankoviç döngülerini, harmoniklerini, Holosen Bond döngülerini ve Hallstadtzeit güneş 

döngüsünü vermiştir. Ancak, GÖ 11,5-75 bin yılları arasında 1500 yıllık bir döngü 

gözlenmemiştir. 

Anahtar Kelimeler: Doğu Akdeniz, Holosen Bond döngüleri, Lomb-Scargle periyodogramı, 

paleoiklim, güneş döngüleri 

 

INTRODUCTION 

Climate is a dynamical phenomenon and possibly involves many nonlinear components. 

Therefore, even for a short period in geological sense, forecasting has many pitfalls and 

forecasts’ statistical significance boundaries are loose. On the other hand, it was claimed that 

climate must have behaved in a periodic manner due to the changes in insolation in geological 

timescales (Croll, 1875; Milankovitch, 1941; Sonett et al., 1991; Hoyt and Schatten, 1997). 

Search for the periodicity of climate has been a matter of interest since the 19
th

 century 

(e.g. Lockyer, 1874). The theory of astronomical forces acting on the climate system (Croll, 

1875; Milankovitch, 1941) are now well-established (Hays et al., 1976; Imbrie et al., 1984; 

Elkibbi and Rial, 2001), still with explanatory issues, though (Muller and MacDonald, 2000; 

Paillard, 2015). Also, some shorter cycles that govern the dynamics of the climate system 

have been theoretically hypothesized (e.g. Ghil and Le Treut, 1981; Le Treut et al., 1988; 

Hagelberg, 1994; Rial and Anaclerio 2000) or observed through geological data (e.g. 

Dansgaard et al., 1984; Bond et al., 1997; Mayewski et al., 1997; Sonett et al., 1997). 

Furthermore, within instrumental records some shorter solar cycles have also been observed 

(Lean, 2010). The periodical behavior of the climate system is important in understanding the 

past, and essential to make better projections into the future. There are still ongoing debates 

about the behavior of some of these phenomena, such as the Dansgaard-Oeschger events 

(DO) of the Late Pleistocene or Bond cycles of the Holocene. The discussions are mainly 

centered on the origin of periodic behavior of the cycles (Bond et al., 2001; Schulz, 2002; 

Debret et al., 2007; Braun and Kurths, 2010) or their global characteristics (Clark et al., 1999) 

or dynamics that govern these events (Grootes and Stuiver, 1997; Sakai and Peltier, 1999; 

Bond et al. 2001; Turney et al., 2005; Braun et al., 2005).  

Long and highly-resolved geological data are scarce in Eastern Mediterranean. The 

LC21 core of Mediterranean (Grant et al., 2012), Soreq and Peqiin Cave isotope records (Bar-
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Matthews et al., 2003) and Sofular Cave isotope record (Fleitmann et al., 2009; Badertscher et 

al., 2011) are almost continuous and the longest (spanning the last 150 kyr, 185kyr, 250 kyr 

and 670 kyr, respectively) records in the region up to now. In Lake Van, a drilling campaign 

has been carried out in 2010, within the framework of International Continental Scientific 

Drilling Program (ICDP), in order to investigate past climate changes as recorded in the 

sediments of the lake (Litt and Anselmetti, 2014). Two sites, namely, Ahlat Ridge (AR) and 

Northern Basin (NB) were drilled. The former has been drilled at 360 m below present day 

lake level which is 219 m long, and the latter at 245 m below present day lake level which is 

145 m long. The AR core spans the last 600 kyr with some discontinuities. The NB core spans 

the last 90 kyr. In this study we have searched for the potential periodicities in geochemical 

data of Lake Van sediment cores which were previously published in Çağatay et al. (2014), 

Kwiecen et al. (2014) and Stockhecke et al. (2014). By doing so, we will test current theories 

of climate periodicities, which have been mentioned in the previous paragraph. To find the 

representative chemical proxies, we first applied principal component factor analysis to the 

data and then looked for the periodicities by Lomb-Scargle Periodogram and tested the 

hypotheses about quasi-periodic behavior of climate in the Pleistocene. 

 

Regional Setting 

Lake Van lies in the heart of the Eastern Anatolian High Plateau. It is surrounded by semi 

active volcanoes to the west and north, and by Eastern Taurides to the south (Figure 1). The 

lake level is 1650 m above sea level. It has approximately 3600 km
2 

surface area which makes 

it the fourth largest closed lake on Earth and it is highly alkaline (Wong and Degens, 1978; 

Degens et al., 1984). The lake is a volcanic dammed lake (Şaroğlu and Güner, 1981), which 

formed, according to Çukur et al., (2014), at least 600 kyr ago, and was originally a part of the 

Zilan, Bendimahi and Murat river system. Lake Van-Muş Basin was separated into two sub-

basins as a consequence of eruption of Nemrut Volcano.  

While evaluating the climate of the region, one should keep in mind the topographic 

and geographic complexity of the whole Anatolian Peninsula. It is surrounded by three major 

seas, the Eastern Mediterranean Sea to the south, the Aegean Sea to the west and the Black 

Sea to the north. Anatolia is like an inclined plane, the altitude gently increases through the 

east. Summer climate of the peninsula is mainly under the influence of two macro scale 
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atmospheric phenomena. The first one is the subtropical high pressure system, which migrates 

to the north in summer and the second one is the low pressure system settled on Persian Gulf 

that carries a continental dry system over Eastern Anatolia (Rohling and Hilgen, 1991). This 

dry system changes its character over the Black Sea by getting saturated with the warm Black 

Sea waters, which makes Black Sea summer and fall precipitation sum more than winter and 

spring precipitation sum (Bozkurt and Şen, 2011; Göktürk et al., 2011). On the other hand, 

even though the low pressure system cools over Black Sea and passes over the warm Aegean 

Sea, Western Anatolia and Eastern Mediterranean is almost dry during summer, due to its 

complex interactions with the subtropical high pressure cell on Atlantic Ocean. Goldreich 

(2003) calls this condition as “summer paradox” and discusses in detail. In winter, the Eastern 

Mediterranean region is mainly affected by the maritime low pressure system to the west and 

the high pressure system to the north (Bozkurt et al., 2012). The precipitation and lake levels 

in the peninsula are mainly affected by the North Atlantic Oscillation (NAO) winter index 

(Türkeş and Erlat, 2003; Krichak and Alpert, 2005; Küçük et al, 2009). Cullen and deMenocal 

(2000) and Cullen et al. (2002) reported that NAO enters the function of the Middle Eastern 

rivers’ streamflow amount, which are mainly fed by the precipitation through Eastern 

Anatolian High Plateau, as a variable. These atmospheric systems shapes the Anatolian 

Climate, but distinctive topography and orography renders the system too complex to be 

characterized by these large-scale atmospheric features. Lake Van, most probably because of 

the orographic sharpness of the Eastern Taurides at the south of the lake, forms the 

climatologic border of Continental Mediterranean and Continental Eastern Anatolia (Türkeş, 

1996; Ünal et al., 2003). Precipitation mainly occurs as snow in winter and as rain in late fall 

and late spring (Stockhecke et al., 2012). Annually, the lake loses 4.2 km
3
 of water by 

evaporation and this loss is balanced by 1.7 km
3
 river discharge, and by 2.5 km

3
 precipitation 

in volume.  
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Figure 1. Lake Van location and drainage basin map. The red dots show the AR and NB core 

locations. The digital elevation is constructed via from SRTM 90 m data (Jarvis et al., 2008). 

Şekil 1. Van Gölü lokasyon ve akaçlama havzası haritası. Gölün içindeki kırmızı noktalar AR ve NB 

karot lokasyonlarını göstermektedir. Dijital Yükseklik SRTM 90 m verisi kullanılarak oluşturulmuştur 

(Jarvis vd., 2008). 

 

MATERIALS AND METHODS 

Lake Van Ahlat Ridge and Northern Basin Geochemistry Records 

Sediment samples of the AR core were subjected to stable oxygen isotope analyses from bulk 

carbonate and micro-X-ray fluorescence (µ-XRF) analysis by Kwiecien et al. (2014). 

Furthermore, for the same core, total organic carbon (TOC) and total inorganic carbon 

analyses were conducted by Stockhecke et al. (2014). Similarly, the samples of the NB core 

were subjected to stable oxygen and carbon analyses of the bulk carbonate, µ-XRF elemental 

analysis and TOC analyses by Çağatay et al. (2014). Because the machines and tubes used 

during the µ-XRF analyses of the AR and NB cores are different, elemental intensities of the 
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analyses differ. For this study we have used Si, K, Ca, Fe and Mn ratios of the AR core and 

Ti, Fe, Ni, Mn, Ca and Sr ratios of the NB core, along with TOC, δ
18

Obulk of AR and NB and 

δ
13

Cbulk of NB. 

According to the published age models, AR and NB cores span the last 600 kyr and 90 

kyr, respectively. The dating methods and the errors are explained in detail in Stockhecke et 

al. (2014), Kwiecen et al. (2014) and Çağatay et al. (2014). In this study we used the 0-250 

kyr interval of the AR record, since discontinuities exists before 250 kyr. The mean 

uncertainty in the age model of the AR core for the 0-250 kyr period is ~908 years and in the 

NB core for the 0-90 kyr period is ~232 years. The mean temporal resolutions of the AR core 

µ-XRF, δ
18

Obulk and TOC data on average are 57.35, 787 and 153 years, respectively. The 

mean temporal resolutions of the NB core µ-XRF, δ
18

Obulk/ δ
13

Cbulk and TOC data on average 

are 2.12, 314 and 315 years, respectively (Table 1). The mean temporal resolutions of the AR 

core µ-XRF data and the NB core µ-XRF data in Holocene 57.21 and 0.79 years respectively. 

Factor Analysis 

Principle component factor analysis (PCFA) is a simple and an effective method to explore 

the linear relations between variables and is an effective way of dimension reduction in 

multivariate data sets. In PCFA, it is assumed that linear relations between the variables exist 

and these hypothetical relations are revealed by a predefined model.  

The general model for the PCFA is as follows; 

       ̅                 , (1) 

where      is the data matrix with d observations of n variables.  ̅ represents the mean of  . 

     is the factor scores matrix with k hypothetical or statistically determined factors.      is 

the factor loading matrix and      is the specific factor matrix. The factor loading and factor 

scores matrix of PCFA are determined, according to the spectral decomposition of the 

covariance matrix of     , by; 

              
  ⁄ , (2) 

 

          
   ⁄     

 (      ̅   ), (3) 
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where      is the diagonal matrix with the first k selected eigenvalues with decreasing order 

lying on the diagonal and      is the matrix of the corresponding eigenvectors as columns of 

the first k eigenvalues (Koch, 2014). 

Since factor analysis methods depend on the correlation of the data, outlier values 

within the data should be eliminated before factor analysis. Multivariate outlier analysis 

methods do exist but we have chosen the Wilk’s method and the Yang and Lee (1987) 

significance test, which uses the F-test (Rencher and Christensen, 2012). The significance 

level has been chosen to be 0.05 for all the outlier analyses. In order to determine the number 

of factors for each analysis, we chose the number of the factors according to the 

corresponding principle components which are greater than 1. 

Detrending and Filtering 

Natural time series are generally considered as a combination of the signal and noise, plus a 

trend (Mudelsee, 2014). Long-term climate time series may show long-term trends and these 

trends can cause small pseudo-frequencies which should be removed before spectral analyses 

(Muller and MacDonald, 2000). In this study, in order to detrend a single time series, we have 

subtracted the best fit line of the data, obtained by the least squares method, from the data 

vector. Furthermore, to remove the high frequency noise, which is most of the time a result of 

measurement errors, we have preferred the Savitzky-Golay smoothing filter, since it allows 

filtering unevenly spaced time series. The Savitzky-Golay method fits a polynomial on the 

window chosen and then picks up the value for the mid element for the chosen window vector 

(Press et al., 2007). We believe that, in order to get rid of the noise one should not manipulate 

the data excessively. Therefore, we have chosen first order polynomials while using Savitzky-

Golay filters.  

For the δ
18

Obulk record of the AR, and δ
18

Obulk, δ
13

Cbulk and TOC record of NB record, 

we have applied the 3-point frame size Savitzky-Golay filter. For the TOC record of AR, we 

have applied a 7-point frame size filter and then resampled 1 point from each consecutive 7-

points. Similarly, for K and Ca/K record, we have applied a 15 point frame size filter and 

resampled 1 from each 15-points.  

Before applying the spectral analyses for the Holocene µ-XRF record of NB, we have 

applied a 50-point frame size Savitzky-Golay filter and then resampled 1 point from each 

consecutive 50 points. 
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Lomb-Scargle Periodogram 

There exist several methods to pick up the frequencies in a given time series (for a detailed 

discussion see Muller and MacDonald, 2000). For unevenly spaced data it is possible to 

transform the data into an evenly spaced one by interpolation. But the LSP, which fits the data 

to sinusoidals by the method of least squares, allows applying spectral analysis on unevenly 

spaced data without suffering loss of information obtained by interpolation. (Lomb, 1976; 

Scargle, 1982; Press et al., 2007). The final formula of the method is follows:  

 

 (   )  
 

   
{
[∑ (    ̅)    (   (    )
   
   )]

 

[∑     (   (    ))
   
   ]

 
[∑ (    ̅)   (   (    ))
   
   ]

 

[∑     (   (    ))
   
   ]

}  

(4) 

where,   s are unevenly spaced time series of     for k=1,…,N and  ́ and    are the mean and 

variance of the data respectively.  (   ) is the power spectrum as a function of each 

frequency  .  Here   is defined as:  

    (    )  
∑         
   
   

∑         
   
   

  (5) 

In order to distinguish the significant frequencies from the insignificant ones, Scargle (1982) 

stated that the normalized LSP obeys the exponential distribution, and Horne and Baliunas 

(1986) showed that, for a chosen   value, the statistical significance level of the peaks can be 

calculated for the chosen level z as:  

  (   )    (     )   (6) 

Horne and Baliunas (1986) empirically showed that, unless the data is clumped, the 

value of   can be chosen as equal to the length of the dataset N. Since our data is more or less 

evenly sampled, we preferred   to be equal to the length of the data sets.  

The results of the periodogram of different proxy records may slightly differ due to 

noise within the data, errors in age models, the resolution of the data, and different laboratory 

analyses which introduce different instrumental noise. Therefore, in order to test the 

hypotheses of the periods found, we applied the t-test (since the cardinalities of the resultant 

sets are relatively small) for the consistency of the numbers declared under each band (see 

Results and Discussion), within the 0.05 significance level. 
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RESULTS AND DISCUSSIONS 

In paleolimnology studies TOC records are representatives of lake productivity and can be 

used as proxies for the analysis of long term climate cycles (Cohen, 2003). δ
18

Obulk and 

δ
13

Cbulk are considered as reliable isotope records, if the source of the bulk is known. δ
18

Obulk 

may represent the changes in both temperature and hydrology (Cohen, 2003). For Lake Van, 

since it is a terminal lake, δ
18

Obulk record is considered as representative for water balance, 

precipitation/evaporation ratio and lake level, i.e. it is mainly affected by climate variability. 

δ
13

Cbulk depends on the photosynthetic activity which is affected by the organic productivity 

and climatic conditions in and around the lakes. For closed large lakes, like Lake Van, δ
13

Cbulk 

and δ
18

Obulk data show covarying behavior and δ
13

Cbulk can also be used as a climatic indicator 

(Stuiver, 1970; Kelts and Talbot, 1980; Leng and Marshall, 2004)  

While µ-XRF elemental data of lake sediments have traditional interpretations, there 

may be different views (cf. Davies et al., 2015). After removing the outliers, we applied 

principal component factor analysis on the µ-XRF elemental profiles, in order to group the 

profiles and test the traditional approaches adapted by Çağatay et al. (2014) and Kwiecien et 

al. (2014). The results of the analysis of AR core give a single factor which is led by two 

opposite elemental profiles (Table 2). The first group is defined by Fe and K and the 

contrasting element is Ca. The factor analysis of the NB core gives two main factors (Table 

3). The first factor is characterized by Fe, Ti and K, the second factor is characterized by Ca 

and Sr. For both cores, even the highest communality of the first factor is Fe, which may have 

two meanings, either reflecting redox conditions or the detrital flux. On the other hand, except 

for highly saline lakes, K resembles erosional features. (Cohen, 2003). Therefore, we 

preferred to use K as the proxy for detrital input in the AR data. Since, through the elemental 

profiles analyzed in NB, Ti is the most immobile element, it is chosen as a proxy for detrital 

flux. Ca, which is the other main elemental profile, may precipitate authigenically or result 

from detrital input. Therefore, we used here the Ca/K ratio for the NB core and Ca/Ti ratio for 

the AR core as proxy for the relative concentration of detrital versus authigenic material 

(Çağatay et al., 2014). 

The LSP applied to the geochemical data picks the sinusoidal frequencies, which lie in 

the data, and the frequencies found in this study are interpreted as paleoclimate cycle signals. 
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There exist almost infinitely many choices of intervals to check for periodicities, but we have 

chosen four main intervals, which are: 

i. The last 0-250 kyr BP, 

ii. The Late Pleistocene (0-90 kyr BP, for the whole NB record) 

iii. 11.5-75 kyr BP, to test the periodic behavior of Dansgaard/Oeschger events, and 

iv. The Holocene Period (0-11.5 kyr BP) 

 

Table 1. Temporal resolution of the data in years, used in this study. 

Çizelge 1. Bu çalışmada kullanılan verilerin zamansal çözünürlüğü 

Region µ-XRF 
Stable 

isotopes 
TOC 

AR 57.35 787 153 

NB 2.12 314 315 

 

 

Table 2. Factor loading matrix of AR µ-XRF data. Fe, K and Ca represent the same factor, however 

Ca is negatively correlated with Fe and K. 

Çizelge 2. AR µ-XRF verisi faktör yükleme matrisi. Bu matrise göre, Fe ve K aynı faktörü temsil 

ederken, Ca ise bu element profilleri ile ters davranış göstermektedir. 

µ-XRFAR Component 1 

Ca 1.00 

Fe -0.97 

K -0.93 

Si -0.75 

Mn -0.59 

 

Table 3. Factor loading matrix of NB µ-XRF data.  

Çizelge 3. NB µ-XRF verisi faktör yükleme matrisi. Bu matrise göre, Fe, Ti ve K aynı faktörü temsil 

ederken, Ca ve Sr diğer faktörü temsil etmektedir. 

µ-

XRFNB 
Component 1 Component 2 

Ca -0.099 -0.99 

Sr -0.44 -0.81 

Fe 0.94 0.33 

Ti 0.90 0.34 

K 0.88 0.06 

Mn 0.72 0.24 

Ni 0.63 0.15 

 

 

The power spectrum results, which exceed 95% significance level, of the last 250 kyr 

period of AR and the last 90 kyr period of NB are listed in Table 4. 

The first observation on the results (Figure 2) of 250 kyr of the AR core and of 90 kyr 

of the NB core gives the Milankovitch bands, i.e. the obliquity (~41 kyr) and the precession of 
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the equinoxes (~21.7 kyr). In order to test the consistency of the periods under the 21.7 kyr 

band, we used the t-test with the null hypothesis that the mean of the numbers under the band 

is 21.7 kyr. According to result, it is 95% statistically significant that the mean of the band is 

21.7 kyr. On the other hand, the resultant periodicities under the 41 kyr band, cannot succeed 

to pass the t-test. It must be because of the relatively low number of results, but we believe 

that the cycles under the 41 kyr band reflect the obliquity cycle. It is surprising not to see the 

41 kyr cycle at δ
18

O250kyrAR. However, it is possible that the relatively low resolution may hide 

the cycle. And the reason for the lack of 41 kyr cycle at NB dataset is the shortness of time 

span of the dataset. To detect a cycle through spectral analysis methods, the timespan of the 

data should be at least 2.5 times of the temporal length of the queried cycle. 

Table 4. Spectral analysis results of the AR, NB, LC21 and Soreq Cave records, which exceed the 

statistical significance.  

Çizelge 4. AR, NB, LC21 ve Soreq Mağarası verilerinin istatistiki anlamlılık eşiğini aşan spektral 

analiz sonuçları. 

Region AR 

 (0-250 kyr BP) 

NB 

(0-90 kyr BP) 

LC21 

(0-156 kyr 

BP) 

Soreq 

(0-184 kyr 

BP) 

Data δ
18

O TOC Ca/K δ
18

O δ
13

C TOC δ
18

O δ
18

O 

62 kyr band 62.4 62.3 66.5    62.7 60.7 

 47.6        

41 kyr band  39.9 39.9    39.2 38.3 

30 kyr band 33.3 29.3 28.5 32.9 32.9 36.2 29.8 29.1 

 24.4 25.6     24.1 24.3 

21.7 kyr 

band 
21.7 23.7 22.7 21.3 21.3 22.6 20.2 20.2 

16.2 kyr 

band 
15.4   15.7 16.4 17.2 16.9 18.2 

12.3 kyr 

band 
11.4   12 12.5 12.5  12.3 

10 kyr band 9.4    10.3 10.95   

    6.7     

5.8 kyr band    5.8 5.8 5.8  5.4 

    4.2     

3.5 kyr band    3.65 3.65 3.4  3.6 

      2.6   
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Other results of LSP through  250 kyr and 90 kyr intervals of AR and NB records 

reveal the ~62 kyr, ~30 kyr, ~16.2 kyr, ~12 kyr, ~10kyr, ~5.8 kyr and ~3.5 kyr bands. Similar 

to 21.7 kyr band, according to t-test within %95 significance level, means of each band satisfy 

the band average indicated in Table 4. An explanation to these cycles is given by Le Treut and 

Ghil (1983). According to their model, the interactions between the ice sheet, the crust 

beneath and the ocean produce a dynamical behavior, which give rise to the harmonics, 

subharmonics, i.e. linear combinations of the Milankovitch cycles. The main idea beneath the 

model is that the long term change in insolation is reflected in the ice sheets with a lag, 

because of the visco-elastic behavior of the underlying crust. The resulting lagged behavior of 

the visco-elastic crust affect the equilibrium line altitude. Therefore, the ice sheet and the 

crust beneath oscillate not on the exact periodic timescales of insolation and the model gives a 

nonlinear climatic oscillator (Ghil and Le Treut, 1981; Le Treut and Ghil, 1983; Le Treut et 

al., 1988). The evidences of this theory have been mentioned in some studies (Pestiaux et al., 

1988; Yiou et al., 1991; Nobes et al., 1991; Yiou et al., 1994; Mommersteeg et al., 1995; 

Mayewski et al., 1997; Ortiz et al., 1999; Wara et al. 2000). Therefore, we believe that, 

changes in insolation and their effects on the behavior of the ice sheet is a global climate 

driver in the long term. On the other hand, there exist some other explanations brought to the 

30 kyr, 12 kyr and 10 kyr cycles found through this study. Beaufort et al. (2001) reports the 

30 kyr cycle in various records of Indo-Pacific Ocean and also in Antarctica CO2 records. 

According to Beaufort et al. (2001), 30 kyr cycle is a consequence of the boreal summer 

monsoon’s effect on the thermocline. Short et al. (1991) argue that, a ~10 ka and a ~12 ka 

climatic cycle must persist on equatorial and subtropical regions according to their energy 

balance climate model. However, they add that tropical convective processes may export 

these oscillations to higher latitudes. Our tests are not meant to find an explanation to the 

physical mechanisms of the aforementioned cycles. The existence of most of the cycles 

mentioned by Le Treut et al. (1988) support their hypothesis; though, we cannot neglect the 

latter mentioned ones. 

The other interesting consequence of the analyses is the absence of the periodic 

behavior of the DO events (~1500 years) which is especially reported in the previous studies 

through North Atlantic and Greenland data of Late Pleistocene (Mayewski et al., 1997; Yiou 

et al., 1997; Bond et al., 1999; Alley et al., 2001; Schulz, 2002) and also in the uranium data 
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of AR core for the 13-75 kyr BP interval (Baumgarten and Wonik, 2014). The test on NB and 

AR proxies, for the 11.5-75 kyr BP time interval, failed to show a significant cycle in the 

1500 year band. In order to test the lack of 1500 years cycle, we have applied similar analyses 

on the available Eastern Mediterranean data, namely δ
18

Orub records of the LC21 core drilled 

in the Eastern Mediterranean (Grant et al., 2012) and the Soreq Cave δ
18

O record (Bar-

Matthews et al., 2003). The LC21 record spans the last 156 kyrs with 260 years of resolution 

and the Soreq record the last 184 kyrs with a resolution of approximately 468 years. The 

results of the spectral analyses of whole LC21 and Soreq record (Table 4) almost coincide 

with Lake Van results, which support the Milankovitch theory and the 

harmonics/subharmonics theory of Le Treut et al. (1988). On the other hand, the spectral 

analyses of the 11.5-75 kyr interval of the LC21 and Soreq data show no evidence of 1500 

years of periodicity. 

The results on the 11.5-75 kyr interval reveal the possibilities that, the DO events may 

not be really periodic. On the other hand, high latitude studies (Dansgaard et al., 1984; 

Grootes and Stuiver, 1997; Mayewski et al., 1997; van Kreveld et al., 2000) and Western 

Mediterranean studies (Moreno et al., 2005) show that the DO events may be periodic. It is 

claimed that the physics behind the DO events is similar to the physical setting of the NAO 

(Sánchez Goñi et al., 2002; Moreno et al., 2005). If the DO events are really periodic, then we 

can claim that, within the longer timescales the climate of the Eastern Mediterranean, which is 

thought to be at the border of NAO’s influence (Cullen and deMenocal, 2000), is not directly 

connected to North Atlantic or the signal is being disturbed by some other mechanisms. 

Second alternative to the previous assertion is, since the region is at the border of NAO’s 

influence, the DO periodicity may be masked and the power of the periodic events is 

lessened. According to this power diminish, the spectral analyses may not detect the periodic 

behavior. Furthermore, it is reported that the absence of ~1500 year periodicity for the Sofular 

stalagmite record of 15-50 kyr interval (Fleitmann et al., 2009) supports our results.  
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Figure 2. Spectral analysis results of Lake Van AR core (top two plots), NB core (third plot), LC21 

and Soreq Cave stable oxygen data (bottom plot). The yellow bands show the statistical significant 

periods of each group. The y axes show the spectral power of each analysis and they are unitless. 

Şekil 2. Üstteki iki grafik Van Gölü AR, üstten üçüncü grafik NB, alttaki grafik ise LC21 ve Soreq 

mağarası verilerinin spektral analiz sonuçlarıdır. Sarı bantlar ise her grafiktki gruplar için istatistiki 

anlamlılık eşiğini aşan değerleri göstermek için kullanılmıştır. Grafiklerde y eksenleri her analizin 

spektral gücünü göstermektedir ve birimsizdir. 
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Figure 3. Spectral analysis results of Sofular Cave δ

18
O data (uppermost plot), AR and NB cores µ-

XRF data (second and third plot respectively) for the Holocene period. The yellow bands show the 

statistical significant periods of each group. The y axes show the spectral power of each analysis and 

they are unitless. 

Şekil 3. Üstteki grafik Sofular mağarası δ
18

O verisinin, ikinci ve üçüncü grafikler sırasıyla AR ve NB 

µ-XRF verisinin spektral analiz sonuçlarıdır. Sarı bantlar ise her grafiktki gruplar için istatistiki 

anlamlılık eşiğini aşan değerleri göstermek için kullanılmıştır. Grafiklerde y eksenleri her analizin 

spektral gücünü göstermektedir ve birimsizdir. 

 

Table 5. Spectral Analysis results of the AR, NB, and Sofular records for the Holocene (0-11.5 kyr 

BP).  

Çizelge 5. AR, NB ve Soreq Mağarası verilerininHolosen için (GÖ 0-11.5 binyıl) istatistiki anlamlılık 

eşiğini aşan spektral analiz sonuçları. 

 

Region AR NB Sofular 

Data Ca/K Ca/K δ
18

O 

2300 yr band  2155 2570 

1500 yr band 1373 1560 1540 
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The power spectrum results (Figure 3) for the Holocene, i.e. for the last 11500 years, 

are listed at Table 5. According to the results of the Holocene, the most prominent value is the 

~1500 year band. This value is accepted to be the Bond cycles of Holocene. It is thought that 

the cause of the Bond cycles may be solar forcing (Bond et al., 2001) or an internal oscillation 

of the oceanic thermohaline circulation (Bianchi and McCave, 1999), which are accepted to 

be one of the driving mechanism of the climate in millennial timescales (Broecker et al., 

1990). Contrary to our results, Rohling et al. (2002) reports that, for the Aegean Sea record 

they have, there is no evidence for a ~1500 year cycle. On the other hand, analysis on δ
18

O of 

Sofular in Holocene gives almost similar results to Lake Van data. 

The other prominent result, which is missing in the AR record, is the ~2300 year band 

of periodicity. It is almost accepted that, the 2300 years of periodicity represents the solar 

variation, namely Hallstadtzeit (or Charvátová) cycle, and its effect on climate is extensively 

discussed (Charvátová, 2000 and references therein). For the Holocene period, this cycle was 

also reported in the Aegean Sea records (Rohling et al., 2002). 

One question arises after the Holocene results. If the Holocene Bond events are solar 

originated, then why is this effect not seen in the Late Pleistocene records of Eastern 

Mediterranean? We think that, if there are solar originated changes in the oceanic circulation 

(Braun et al., 2005; Braun and Kurths, 2011), the influences of these changes may not reach 

up to Eastern Mediterranean because of the distance. But the changes in solar output would 

surely affect the climate of the region. Therefore, the solar cycle which is observed through 

the Holocene must have existed through the Late Pleistocene as well. But the effects of the 

changes in the solar output are limited relative to large climatic oscillations of glacial times, 

which are masked in the analyses. 

 

CONCLUSIONS 

The aim of this study is to test the debated long term climate cycles by using Lake Van 

sediment geochemistry data. The results of the spectral analyses of Lake Van sediment cores 

imply 

1. The Milankovitch cycles, namely the obliquity cycle (41 kyr) and the precession of the 

equinoxes cycle (21.7 kyr), pass the test through Lake Van data. In order to support the 



 

17 
 

results, we also applied the same analyses on the LC21 and Soreq data. Their results also 

support the Milankovitch theory. 

2. We also observe the harmonics and subharmonics of the Milankovitch theory. Among the 

theories on these shorter cycles, the theory of Le Treut et al. (1988) almost fit to our results, 

which are 62, 30, 16.2, 12.3, 10, 5.8 and 3.5 kyrs of cycles. 

3. For the 11.5-75 kyr interval there is no evidence of a 1500 year cycle neither in Lake Van 

data nor in LC21 and Soreq data. 

4. The Holocene interval shows two prominent cycles which are 1500 year of Bond cycle and 

2300 year of Hallstadtzeit solar cycle. 

According to the third and the fourth conclusions, the straightforward climatic connection of 

Eastern Anatolia and Eastern Mediterranean in the geological timescale needs a more 

complex reasoning, which goes beyond this study and should be further investigated. 
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GENİŞLETİLMİŞ ÖZET 

Avrupa’nın bir zamanlar buzullarla kaplı olması gerektiği fikri ortaya atıldıktan sonra 

buzullaşmaların birden fazla kez ve periyodik olabileceği ilk kez Esmark (1827) tarafından 

dile getirilmiştir. Esmark’a göre buzullaşmalar Yer’in ilk zamanlarından kalma olgulardır ve 

periyodik olarak oluşmuşlardı. Esmark’a göre, Dünya oluştuğu ilk zamanlarda, bir 

kuyrukluyıldız gibi yörünge eliptikliği çok büyüktü. Eliptik yörüngede Güneş etrafında 

dönerken, Güneş’ten uzak dönemlerde bir buzullaşma yaşanırken, yaklaştığında ise buzullar 

eriyordu. Ancak Esmark’ın bu fikirleri üzerine dayandırdığı astronomik teoriler yanlıştı.  

Çünkü, Esmark’ın iddia ettiği gibi Dünya oluşumunun ilk zamanlarında, bir kuyrukluyıldız 

gibi, eksantrisitesi çok büyük olan bir eliptik yörüngeye sahip değildi.  
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Esmark’tan sonra Adhémar (1842), buzullaşmaların ekinoksların presesyonu ile 

yaklaşık 22.000 yıllık periyotlarla güney ve kuzey yarımkürelerde salınım yapması gerektiğini 

söylemiştir. Bugün kabul gören iklimlerin astronomik döngülerle şekillendiğine dair 

hipotezlerin temelini Adhémar atmıştır denebilir. Ekinoksların presesyonu, Dünya’nın dönme 

ekseninin, bir topaç gibi, yalpalamasına ve aynı zamanda dünyanın güneş etrafında dönme 

ekseninin de rotasyonu ile oluşan duruma verilen isimdir. Presesyon, etimolojik olarak 

Latince geriye gitmek demektir. Bu astronomik harekete bu ismin verilmesinin sebebi kuzey 

kutbundan kuşbakışı bakan bir gözlemcinin ekinoksların eliptik düzlemde meydana geldikleri 

noktaların zaman içinde saat yönünde döndüklerini görecek olmasıdır. Buna göre ekinokslar 

ve gündönümleri eliptik düzlemde farklı zamanlarda başka noktalarda bulunmaktadır. 

Örneğin, bugün kuzey yarımkürede kış gündönümü neredeyse Dünya Güneş’e en yakın 

noktadayken gerçekleşirken, yaklaşık 11.000 yıl önce güneşe en uzak noktada 

gözlemlenmekteydi. 

Adhémar’ın çalışmalarından haberdar olan Croll (1875), ekinoksların presesyonunun 

Dünya’nın iklimine olan etkisi fikrini genişletmiştir. Croll’a göre Dünya’nın eliptik ekseninin 

eksantrisitesinin (eksenin daha dairesel ve daha eliptik durumları arasında hareketi, yani 

elipsin odaklarının birbirlerine olan uzaklıklarının değişmesi) yaklaşık 100.000 yıllık 

döngülerle değişmekte olması ekinoksların presesyonunun iklime olan etkisinde temel olan 

kavramdır. Bunun dışında, Dünya’nın dönme ekseninin eğimi (bugün yaklaşık 23.5º’lik bir 

eğime sahiptir) yaklaşık 41.000 yıllık salınımlarla yaklaşık 21.5º ila 24.5º eğimlere 

ulaşmaktadır ki bu da Dünya iklimini, özellikle yüksek enlemlerde, etkilemektedir. Croll, 

yarımkürelerin en az güneşlenen kışlarda buzul çağlarına gireceğini düşünmekteydi. Buna 

göre, yörüngenin eksantrisitesinin fazla, Dünya 21 Aralık günü güneşe en uzak olduğunda, 

eğim açısı da fazla ise kuzey yarımküre kendini bir buzullaşmanın içinde bulacaktı. Croll’un 

iklim bilimine yaptığı katkılar sadece bunlarla sınırlı değildir. Hipotezini, hem buzun 

albedosunun yüksekliğinden kaynaklanan geri besleme kavramıyla hem de okyanus 

akıntılarının geri beslemesi kavramıyla genişletmiştir. 

Croll’un hipotezi jeomorfolojik gözlemlerle örtüşmediği için 20. yüzyılın başında 

popülerliğini kaybetmeye başlar. Ancak, Milutin Milankoviç (1941) Croll’un fikirlerini 

kaldığı yerden alıp geliştirecektir. Milankoviç, Croll’dan farklı olarak buzullaşmanın 

olabilmesi için kuzey yarımküre yazlarının kışlarından daha soğuk olması gerektiği fikrini 
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(Murphy, 1869) benimsemiştir. Bunun dışında, yıl içinde güneşlenmenin en fazla olduğu 

yarıyıl için kullanılan bir tabir olan kalorik mevsimlerin güneşlenme değerinin gereken bütün 

matematiksel hesaplarını son 600.000 yıl için elliptik integraller yardımıyla yapmıştır ve 

bunların grafiklerini çizmiştir. 

Milankoviç çizdiği eğrideki tepe noktalarını sayarak güneşlenmenin 20.700 

(ekinoksların presesyonu), 40.040 (eksen salınımı) ve 91.800 (elliptpik yörüngenin 

eksantrisitesindeki değişim) yıllık periyotlar belirlemiştir. Ancak daha kesin sonuçlar 

Berger’in (1973, 1977) çalışmalarından sonra, spektral analiz sonuçlarıyla ortaya çıkmıştır. 

Buna göre ortalaması 21.700 yıl olan ekinoksların presesyonu, en güçlü bileşeni 41.000 yıl 

olan eksenin salınımı ve en güçlü 2 bileşeni 412.000 yıl ve ortalamada 100.000 yıl olan 

yörüngenin eksantrisitesindeki değişimler, yerin iklimi üzerinde etkili en önemli astronomik 

parametrelerdir. Hays vd. (1976) yılında, Hint Okyanusu’ndan alınmış karotta, planktonik 

foraminifer kavkılarından elde edilmiş duraylı oksijen izotopu eğrilerine uyguladıkları 

spektral analiz yöntemi ile elde ettikleri sonuçlar, Milankoviç teorisinin en önemli teyidi 

kabul edilmektedir. O günden beri yapılan küresel ölçekteki çalışmaların büyük çoğunluğu 

Hays vd. (1976)’nin sonuçlarını desteklemektedir.  

Teori bazı sorunlara çözüm getirdiği gibi, birçok problemi de beraberinde getirmiştir. 

Bunlardan en önemlisi, son bir milyon yıldaki en güçlü periyodik bileşen olan 100.000 yıllık 

döngünün gücü Milankoviç’in teorisinde yok denecek kadar azdır. Bir diğer büyük sorun da 

güneşlenmedeki salınım en düşükken (MIS-12, MIS-11 geçişinde olduğu gibi) iklim sistemi 

çok güçlü salınımlar yapmakta ve bunun tersi güneşlenmedeki salınım en güçlüyken ise (MIS-

7 gibi) sistem düşük salınımlar yapmaktadır. Teorinin sorunları hakkında daha fazla bilgi için 

okuyucu Muller ve MacDonanld (2000), Paillard (2015) gibi kaynaklara danışabilir. Tarihsel 

perspektif için Imbrie ve Imbrie (1979), Bard (2004) ve Berger (2012), içindeki referanslarla 

beraber uygun kaynak görevi görmektedirler. 

Biz bu çalışmada, Doğu Anadolu’da bulunan Van Gölü’nden alınmış,  son 250 bin yılı 

ve son 90 bin yılı temsil eden iki karotun jeokimyasal verilerinde (µ-XRF, TOC ve duraylı 

oksijen/karbon izotopu) Lomb-Scargle perioyodogramı yöntemi ile bölgenin iklim döngülerini 

araştırdık. Sonuçların tutarlılığını desteklemek için Doğu Akdeniz’den alınmış LC21 karotu 

duraylı oksijen izotopu verisi, Soreq ve Sofular mağaraları duraylı izotop verilerine de aynı 

analizi uyguladık. Verilere spektral analiz uygulamadan önce Savitzky-Golay filtresinden 
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geçirildi ve verilerin üzerindeki lineer trend kaldırıldı. Sonuçlar Doğu Akdeniz verilerinde 

Milankoviç döngüleri, Milankoviç döngülerinin harmoniklerini, Holosen Bond döngülerini ve 

bir solar döngü olduğu düşünülern Hallstadtzeit döngüsünü vermiştir. Ancak, 11.5-75 bin yıl 

önce aralığında başka çalışmalarda var olan 1500 yıllık döngü ile bu çalışmada  

karşılaşılmamıştır. 

 

REFERENCES 

Alley, R.B., Anandakrishnan, S., Jung, P., 2001. Stochastic resonance in the North Atlantic. 

Paleoceanography 16, 190-198. 

Badertscher, S., Fleitmann, D., Cheng, H., Edwards, R.L., Göktürk, O.M., Zumbühl, A., 

Leuenberger, M. and Tüysüz, O., 2011. Pleistocene water intrusions from the 

Mediterranean and Caspian seas into the Black Sea. Nature Geoscience, 4(4), 236-239. 

Bar-Matthews, M., Ayalon, A., Gilmour, M., Matthews, A., Hawkesworth, C.J., 2003. Sea–

land oxygen isotopic relationships from planktonic foraminifera and speleothems in 

the Eastern Mediterranean region and their implication for paleorainfall during 

interglacial intervals. Geochimica et Cosmochimica Acta 67, 3181-3199. 

Bard, E. 2004. Greenhouse effect and ice ages: historical perspective. Comptes Rendus 

Geoscience 336:603–638 

Baumgarten, H., Wonik, T., 2014. Cyclostratigraphic studies of sediments from Lake Van 

(Turkey) based on their uranium contents obtained from downhole logging and 

paleoclimatic implications. Int J Earth Sci (Geol Rundsch), 1-16. 

Beaufort, L., de Garidel-Thoron, T., Mix, A.C., Pisias, N.G., 2001. ENSO-like Forcing on 

Oceanic Primary Production During the Late Pleistocene. Science 293, 2440-2444. 

Berger, A. 1973. Th orie Astronomique des Pal oclimats. Dissertation doctorale,  niversit  

catholique de Louvain, Belgium, 2 volumes. 

Berger, A. 1977. Support for the astronomical theory of climate change. Nature, 269, 44–45. 

Berger, A. 2012. A Brief History of the Astronomical Theories of Paleoclimates. In Climate 

Change (pp. 107–129). Vienna: Springer Vienna. 

Bianchi, G.G., McCave, I.N., 1999. Holocene periodicity in North Atlantic climate and deep-

ocean flow south of Iceland. Nature 397, 515-517. 



 

21 
 

Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoffmann, S., 

Lotti-Bond, R., Hajdas, I., Bonani, G., 2001. Persistent Solar Influence on North 

Atlantic Climate During the Holocene. Science 294, 2130-2136. 

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen, 

H., Hajdas, I., Bonani, G., 1997. A Pervasive Millennial-Scale Cycle in North Atlantic 

Holocene and Glacial Climates. Science 278, 1257-1266. 

Bond, G. C., Showers, W., Elliot, M., Evans, M., Lotti, R., Hajdas, I., Johnson, S. 1999. The 

North Atlantic’s 1-2 Kyr Climate Rhythm: Relation to Heinrich Events, 

Dansgaard/Oeschger Cycles and the Little Ice Age. In P. U. Clark, R. S. Webb, L. D. 

Keigwin (Eds.), Mechanisms of Global Climate Change at Millennial Time Scales (pp. 

35–58). American Geophysical Union 

Bozkurt, D. and Sen, O.L., 2011. Precipitation in the Anatolian Peninsula: sensitivity to 

increased SSTs in the surrounding seas. Climate dynamics, 36(3-4), 711-726. 

Bozkurt, D., Turuncoglu, U., Sen, O., Onol, B., Dalfes, H.N., 2012. Downscaled simulations 

of the ECHAM5, CCSM3 and HadCM3 global models for the eastern Mediterranean–

Black Sea region: evaluation of the reference period. Clim Dyn 39, 207-225. 

Braun, H., Christl, M., Rahmstorf, S., Ganopolski, A., Mangini, A., Kubatzki, C., Roth, K., 

Kromer, B., 2005. Possible solar origin of the 1,470-year glacial climate cycle 

demonstrated in a coupled model. Nature 438, 208-211. 

Braun, H., Kurths, J., 2010. Were Dansgaard-Oeschger events forced by the Sun? Eur. Phys. 

J. Spec. Top. 191, 117-129. 

Broecker, W.S., Bond, G., Klas, M., Bonani, G., Wolfli, W., 1990. A salt oscillator in the 

glacial Atlantic? 1. The concept. Paleoceanography 5, 469-477. 

Çağatay, M.N., Öğretmen, N., Damcı, E., Stockhecke, M., Sancar, Ü., Eriş, K.K., Özeren, S., 

2014. Lake level and climate records of the last 90ka from the Northern Basin of Lake 

Van, eastern Turkey. Quaternary Science Reviews 104, 97-116. 

Charvátová, I., 2000. Can origin of the 2400-year cycle of solar activity be caused by solar 

inertial motion? Annales Geophysicae 18, 399-405. 

Cohen, A.S., 2003. Paleolimnology: The History and Evolution of Lake Systems. Oxford 

University Press, NY. 



 

22 
 

Croll, J., 1875. Climate and Time in their Geological Relations: A Theory of Secular Changes 

of the Earth's Climate. Appleton, NY. 

Çukur, D., Krastel, S., Schmincke, H.- ., Sumita, M., Çağatay, M.N., Meydan, A.F., Damcı, 

E., Stockhecke, M., 2014. Seismic stratigraphy of Lake Van, eastern Turkey. 

Quaternary Science Reviews 104, 63-84. 

Cullen, H., Kaplan, A., Arkin, P., deMenocal, P., 2002. Impact of the North Atlantic 

Oscillation on Middle Eastern Climate and Streamflow. Climatic Change 55, 315-338. 

Cullen, H.M., deMenocal, P.B., 2000. North Atlantic influence on Tigris–Euphrates 

streamflow. International Journal of Climatology 20, 853-863. 

Dansgaard, W., Johnsen, S.J., Clausen, H.B., Dahl-Jensen, D., Gundestrup, N., Hammer, 

C.U., Oeschger, H., 1984. North Atlantic Climatic Oscillations Revealed by Deep 

Greenland Ice Cores, Climate Processes and Climate Sensitivity. American 

Geophysical Union, pp. 288-298. 

Davies, S.J., Lamb, H.F. and Roberts, S.J., 2015. Micro-XRF core scanning in 

palaeolimnology: recent developments. In Micro-XRF studies of sediment cores (pp. 

189-226). Springer Netherlands. 

Debret, M., Bout-Roumazeilles, V., Grousset, F., Desmet, M., McManus, J.F., Massei, N., 

Sebag, D., Petit, J.R., Copard, Y., Trentesaux, A., 2007. The origin of the 1500-year 

climate cycles in Holocene North-Atlantic records. Clim. Past 3, 569-575. 

Degens, E.T., Wong, H.K., Kempe, S., Kurtman, F., 1984. A geological study of lake van, 

Eastern Turkey. Geol Rundsch 73, 701-734. 

Elkibbi, M., Rial, J. A. 2001. An outsider’s review of the astronomical theory of the climate: 

is the eccentricity-driven insolation the main driver of the ice ages? Earth-Science 

Reviews, 56(1–4), 161–177.  

Esmark, J. 1827. Remarks tending to explain the geological history of the Earth, Edinburgh 

New Philosophical Journal, 2: 107–121. 

Fleitmann, D., Cheng, H., Badertscher, S., Edwards, R.L., Mudelsee, M., Göktürk, O.M., 

Fankhauser, A., Pickering, R., Raible, C.C., Matter, A., Kramers, J., Tüysüz, O., 2009. 

Timing and climatic impact of Greenland interstadials recorded in stalagmites from 

northern Turkey. Geophysical Research Letters 36, n/a-n/a. 



 

23 
 

Ghil, M., Le Treut, H., 1981. A climate model with cryodynamics and geodynamics. Journal 

of Geophysical Research: Oceans 86, 5262-5270. 

Goldreich, Y., 2003. The climate of Israel: observation, research and application. Springer, 

NY, 270p. 

Göktürk, O.M., Fleitmann, D., Badertscher, S., Cheng, H., Edwards, R.L., Leuenberger, M., 

Fankhauser, A., Tüysüz, O. and Kramers, J., 2011. Climate on the southern Black Sea 

coast during the Holocene: implications from the Sofular Cave record. Quaternary 

Science Reviews, 30(19), 2433-2445. 

Grant, K.M., Rohling, E.J., Bar-Matthews, M., Ayalon, A., Medina-Elizalde, M., Ramsey, 

C.B., Satow, C., Roberts, A.P., 2012. Rapid coupling between ice volume and polar 

temperature over the past 150,000 years. Nature 491, 744-747. 

Grootes, P.M., Stuiver, M., 1997. Oxygen 18/16 variability in Greenland snow and ice with 

10
−3

- to 10
5
-year time resolution. Journal of Geophysical Research: Oceans 102, 

26455-26470. 

Hagelberg, T.K., Bond, G., deMenocal, P., 1994. Milankovitch band forcing of sub-

Milankovitch climate variability during the Pleistocene. Paleoceanography 9, 545-558. 

Hays, J.D., Imbrie, J., Shackleton, N.J., 1976. Variations in the Earth's Orbit: Pacemaker of 

the Ice Ages. Science 194, 1121-1132. 

Horne, J.H., Baliunas, S.L., 1986. A Prescription for Period Analysis of Unevenly Sampled 

Time Series. The Astrophysical Journal 302, 757-763. 

Hoyt, D.V., Schatten, K.H., 1997. The Role of the Sun in Climate Change. Oxford University 

Press, NY, 279p. 

Imbrie, J., Hays, J.D., Martinson, D. G., McIntyre, A., Mix, A. C., Morley, J. J., Shackleton, 

N. J. 1984. The orbital theory of Pleistocene climate: Support from a revised 

chronology of the marine d18O record. Milankovitch and Climate: Understanding the 

Response to Astronomical Forcing. Springer, NY, 873p. 

Imbrie J, Imbrie K.P. 1979. Ice ages, solving the mystery. Enslow, Berkeley Heights, 224p. 

Jarvis, A., H.I. Reuter, A. Nelson, E. Guevara, 2008, Hole-filled SRTM for the globe Version 

4, available from the CGIAR-CSI SRTM 90m Database (http://srtm.csi.cgiar.org). 

Kelts, K., Talbot, M. 1990. Lacustrine Carbonates as Geochemical Archives of 

Environmental Change and Biotic/Abiotic Interactions. In M. M. Tilzer C. Serruya 



 

24 
 

(Eds.), Large Lakes: Ecological Structure and Function (pp. 288–315). Berlin, 

Heidelberg: Springer. 

Koch, I., 2014. Analysis of Multivariate and High-Dimensional Data. Cambridge University 

Press, USA. 

Krichak, S.O., Alpert, P., 2005. Signatures of the NAO in the atmospheric circulation during 

wet winter months over the Mediterranean region. Theor. Appl. Climatol. 82, 27-39. 

Küçük, M., Kahya, E., Cengiz, T.M., Karaca, M., 2009. North Atlantic Oscillation influences 

on Turkish lake levels. Hydrological Processes 23, 893-906. 

Kwiecien, O., Stockhecke, M., Pickarski, N., Heumann, G., Litt, T., Sturm, M., Anselmetti, 

F., Kipfer, R., Haug, G.H., 2014. Dynamics of the last four glacial terminations 

recorded in Lake Van, Turkey. Quaternary Science Reviews 104, 42-52. 

Le Treut, H., Ghil, M., 1983. Orbital forcing, climatic interactions, and glaciation cycles. 

Journal of Geophysical Research: Oceans 88, 5167-5190. 

Le Treut, H., Portes, J., Jouzel, J., Ghil, M., 1988. Isotopic modeling of climatic oscillations: 

Implications for a comparative study of marine and ice core records. Journal of 

Geophysical Research: Atmospheres 93, 9365-9383. 

Lean, J.L., 2010. Cycles and trends in solar irradiance and climate. Wiley Interdisciplinary 

Reviews: Climate Change 1, 111-122. 

Leng, M. J., Marshall, J. D. 2004. Palaeoclimate interpretation of stable isotope data from 

lake sediment archives. Quaternary Science Reviews, 23(7–8), 811–831. 

Litt, T., Anselmetti, F.S., 2014. Lake Van deep drilling project PALEOVAN. Quaternary 

Science Reviews 104, 1-7. 

Lockyer, J.N., 1874. Contributions to Solar Physics. Macmillan and Co., London. 

Lomb, N.R., 1976. Least-squares frequency analysis of unequally spaced data. Astrophys 

Space Sci 39, 447-462. 

Mayewski, P.A., Meeker, L.D., Twickler, M.S., Whitlow, S., Yang, Q., Lyons, W.B., 

Prentice, M., 1997. Major features and forcing of high-latitude northern hemisphere 

atmospheric circulation using a 110,000-year-long glaciochemical series. Journal of 

Geophysical Research: Oceans 102, 26345-26366. 

Milankovitch, M. 1941. Kanon der Erdbastrahlung und seine Anwendung auf des 

Eiszeitenproblem. Special Publication 132, Section of Mathematical and Natural 



 

25 
 

Sciences, vol 33, p 633. Belgrade, Royal Serbian Academy of Sciences (‘Canon of 

Insolation and the Ice-Age Problem’, translated from German by the Israel Program 

for Scientific Translations and published for the U.S. Department of Commerce and 

the National Science Foundation, Washington DC, 1969. Reprinted by Zavod za 

udzbenike i nastavna sredstva in cooperation with Muzej nauke i tehnike Srpske 

akademije nauka i umetnosti, Beograd, 1998) 

Mommersteeg, H., Loutre, M.F., Young, R., Wijmstra, T.A., Hooghiemstra, H., 1995. Orbital 

forced frequencies in the 975 000 year pollen record from Tenagi Philippon (Greece). 

Clim Dyn 11, 4-24. 

Moreno, A., Cacho, I., Canals, M., Grimalt, J. O., Sánchez-Goñi, M. F., Shackleton, N., 

Sierro, F. J. 2005. Links between marine and atmospheric processes oscillating on a 

millennial time-scale. A multi-proxy study of the last 50,000yr from the Alboran Sea 

(Western Mediterranean Sea). Quaternary Science Reviews, 24(14–15), 1623–1636. 

Mudelsee, M., 2014. Climate Time Series Analysis: Classical Statistical and Bootsrap 

Methods, 2nd ed. Springer, Dordrecht. 

Muller, R.A., MacDonald, G.J., 2000. Ice Ages and Astronomical Causes: Data, Spectral 

Anaysis and Mechanisms. Praxis Publishing, UK. 

Murphy, J.J., 1869. On the Nature and Cause of the Glacial Climate. Quarterly Journal of the 

Geological Society, 25, 350-356. 

Nobes, D.C., Bloomer, S.F., Mienert, J., Westall, F., 1991. Milankovitch cycles and nonlinear 

response in the Quaternary record in the Atlantic sector of the South oceans. 

Proceedings ODP, Scientifc Results, Vol. 114, pp. 551-576. 

Ortiz, J., Mix, A., Harris, S., O'Connell, S., 1999. Diffuse spectral reflectance as a proxy for 

percent carbonate content in North Atlantic sediments. Paleoceanography 14, 171-186. 

Paillard, D. 2015. Quaternary glaciations: From observations to theories. Quaternary Science 

Reviews, 107, 11–24. 

Pestiaux, P., Van Der Mersch, I., Berger, A., Duplessy, J.C., 1988. Paleoclimatic variability at 

frequencies ranging from 1 cycle per 10 000 years to 1 cycle per 1000 years: Evidence 

for nonlinear behaviour of the climate system. Climatic Change 12, 9-37. 

Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P., 2007. Numerical Recipes: 

The Art of Scientific Computing, 3rd ed. Cambridge University Press, USA. 



 

26 
 

Rencher, A.C., Christensen, W.F., 2012. Methods of Multivariate Analysis, 3rd ed. John 

Wiley & Sons, Inc, Canada. 

Rial, J.A., Anaclerio, C.A., 2000. Understanding nonlinear responses of the climate system to 

orbital forcing. Quaternary Science Reviews 19, 1709-1722. 

Rohling, E., Mayewski, P., Abu-Zied, R., Casford, J., Hayes, A., 2002. Holocene atmosphere-

ocean interactions: records from Greenland and the Aegean Sea. Clim Dyn 18, 587-

593. 

Rohling, E.J., Hilgen, F.J., 1991. The eastern Mediterranean climate at times of sapropel 

formation: a review. Geologie en Mijnbouw 70, 253-264. 

Sakai, K., Peltier, W.R., 1999. A Dynamical Systems Model of the Dansgaard–Oeschger 

Oscillation and the Origin of the Bond Cycle. Journal of Climate 12, 2238-2255. 

Sánchez Goñi, M., Cacho, I., Turon, J., Guiot, J., Sierro, F., Peypouquet, J., Grimalt, J., 

Shackleton, N., 2002. Synchroneity between marine and terrestrial responses to 

millennial scale climatic variability during the last glacial period in the Mediterranean 

region. Clim Dyn 19, 95-105. 

Şaroğlu, F., Güner, Y., 1981. Factors effecting the geomorphological evolution of the Eastern 

Turkey: relationships between geomorphology, tectonics and volcanism. Bulletin of 

the Geological Society of Turkey 24, 39-50.(in Turkish) 

Scargle, J.D., 1982. Studies in Astronomical Time Series Analysis. II. Statistical Aspects of 

Spectral Analysis of Unevenly Spaced Data. The Astrophysical Journal 263, 835-853. 

Schulz, M., 2002. On the 1470-year pacing of Dansgaard-Oeschger warm events. 

Paleoceanography 17, 4-1-4-9. 

Short, D.A., Mengel, J.G., Crowley, T.J., Hyde, W.T., North, G.R., 1991. Filtering of 

milankovitch cycles by earth's geography. Quaternary Research 35, 157-173. 

Sonett, C.P., Giampapa, M.S., Matthews, M.A., 1991. The Sun in Time. The University of 

Arizona Press, USA, p. 995. 

Sonett, C.P., Webb, G.M., Zakharian, A., 1997. The quest for evidence of long-period solar 

wind variability, in: Jokipii, J.R., Sonett, C.P., Giampapa, M.S. (Eds.), Cosmic Winds 

and the Heliosphere. Arizona University Press, USA, pp. 67-110. 



 

27 
 

Stockhecke, M., Anselmetti, F.S., Meydan, A.F., Odermatt, D., Sturm, M., 2012. The annual 

particle cycle in Lake Van (Turkey). Palaeogeography, Palaeoclimatology, 

Palaeoecology 333–334, 148-159. 

Stockhecke, M., Sturm, M., Brunner, I., Schmincke, H.-U., Sumita, M., Kipfer, R., Cukur, D., 

Kwiecien, O., Anselmetti, F.S., 2014. Sedimentary evolution and environmental 

history of Lake Van (Turkey) over the past 600 000 years. Sedimentology 61, 1830-

1861. 

Stuiver, M. 1970. Oxygen and carbon isotope ratios of fresh-water carbonates as climatic 

indicators. Journal of Geophysical Research, 75(27), 5247–5257. 

Türkeş, M., 1996. Spatial and Temporal Analysis of Annual Rainfall Variations in Turkey. 

International Journal of Climatology 16, 1057-1076. 

Türkeş, M., Erlat, E., 2003. Precipitation changes and variability in Turkey linked to the 

North Atlantic oscillation during the period 1930–2000. International Journal of 

Climatology 23, 1771-1796. 

Turney, C., Baillie, M., Clemens, S., Brown, D., Palmer, J., Pilcher, J., Reimer, P., Leuschner, 

H.H., 2005. Testing solar forcing of pervasive Holocene climate cycles. Journal of 

Quaternary Science 20, 511-518. 

Ünal, Y., Kındap, T., Karaca, M., 2003. Redefining the climate zones of Turkey using cluster 

analysis. International Journal of Climatology 23, 1045-1055. 

van Kreveld, S., Sarnthein, M., Erlenkeuser, H., Grootes, P., Jung, S., Nadeau, M.J., 

Pflaumann, U., Voelker, A., 2000. Potential links between surging ice sheets, 

circulation changes, and the Dansgaard-Oeschger Cycles in the Irminger Sea, 60–18 

Kyr. Paleoceanography 15, 425-442. 

Wara, M.W., Ravelo, A.C., Revenaugh, J.S., 2000. The pacemaker always rings twice. 

Paleoceanography 15, 616-624. 

Wong, H.K., Degens, E.T., 1978. The bathymetry of Lake Van, eastern Turkey, in: Degens, 

E.T., Kurtman, F. (Eds.), The Geology of Lake Van. MTA Press, Ankara, pp. 6-10. 

Yang, S.S., Lee, Y., 1987. Identification of a Multivariate Outlier, Proceedings of the Annual 

Meeting of the American Statistical Association, San Francisco, CA. 

Yiou, P., Genthon, C., Ghil, M., Jouzel, J., Le Treut, H., Barnola, J.M., Lorius, C., 

Korotkevitch, Y.N., 1991. High-frequency paleovariability in climate and CO2 levels 



 

28 
 

from Vostok Ice Core Records. Journal of Geophysical Research: Solid Earth 96, 

20365-20378. 

Yiou, P., Ghil, M., Jouzel, J., Paillard, D., Vautard, R., 1994. Nonlinear variability of the 

climatic system from singular and power spectra of Late Quaternary records. Clim 

Dyn 9, 371-389. 

Yiou, R., Fuhrer, K., Meeker, L.D., Jouzel, J., Johnsen, S., Mayewski, P.A., 1997. 

Paleoclimatic variability inferred from the spectral analysis of Greenland and 

Antarctic ice-core data. Journal of Geophysical Research: Oceans 102, 26441-26454. 

 


