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Abstract: Rainfall is a key climatic factor for socioeconomic development in densely populated 
and summer dry regions such as the Mediterranean borderlands. However, the drivers for rainfall 
variability are poorly constrained due to the lack of suitable climate archives, necessary to 
validate climate model data on Quaternary time-scales. Here we present a continuous rainfall 35 
proxy time-series from a sedimentary record from Lake Ohrid spanning the last 1.36 million 
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years. Our data suggest increased rainfall as a result of strong seasonal contrast in insolation 
during phases characterized by low continental ice volume and high atmospheric 
CO2 concentrations. This is in excellent agreement with climate model data and indicates that 
maxima in Mediterranean cyclogenesis and convective precipitation are in phase with changes in 
African monsoon circulation.  5 

One Sentence Summary: Lake Ohrid sediment record and climate simulation data depict 
Mediterranean rainfall variability during the Quaternary 
 

Main Text:  
Mediterranean climates are characterized by strong seasonal contrasts associated with dry and 10 
warm summers, and wet and mild winters. The amount of winter precipitation determines the 
prevailing type of vegetation and water availability, and has strong socioeconomic implications 
in this densely populated region. In recent decades, winter droughts have become a widespread 
phenomenon in the Mediterranean borderlands, with anthropogenic greenhouse gas and aerosol 
forcing identified as potential contributors (1). Current climate model simulations, using the 15 
Representative Concentration Pathways (RCP) 4.5, 8.5 scenarios, simulate a progressive summer 
drying over the next 82 years (2). Rainfall changes during the Northern Hemisphere (NH) winter 
months (October through March) are less well constrained, with different simulation runs 
showing either trends towards wetter or drier conditions. The uncertainty for projections in 
winter precipitation limits the extent to which current modelling approaches are useful for 20 
decision makers (3, 4). 
 A major source of uncertainty in models is the lack of long-term, empirical baseline data. 
Proxy records and modelling experiments suggest that enhanced rainfall in the Mediterranean 
region is in phase with the northward shift of the intertropical convergence zone (ITCZ) and 
increase in African monsoon strength during Northern Hemisphere summer insolation (NHSI) 25 
maxima and winter insolation (NHWI) minima (5-8). However, most continental proxy records 
that are capable of capturing hydroclimate change do not cover multiple NHSI maxima with 
different underlying orbital geometries. In fact, the majority of records are restricted to the 
Holocene (9, 10), yet the maximum in NHSI during the Early Holocene was relatively weak 
compared to most Quaternary interglacials due to lower eccentricity. Terrestrial proxy time-30 
series covering multiple NHSI maxima from the Mediterranean region are scarce (e.g. 6, 11). 
Sediment records from the Mediterranean Sea provide continuity throughout the Plio-Pleistocene 
and capture cessations of deep-water ventilation associated with the formation of prominent, 
organic-rich sapropel layers (12, 13). While multiple factors contribute to sapropel formation, 
increased freshwater input, particularly from the African continent during NHSI-forced monsoon 35 
maxima, is considered the most important (14, 15). Hence, the Mediterranean sapropel record is 
thought to be an excellent indicator of the relative timing of increased African monsoon strength 
rather than a direct indicator of precipitation in, and runoff from, the entirety of the 
Mediterranean borderlands. Reconstructed rainfall increases in the northern Mediterranean 
borderlands during sapropel formation have been interpreted to be a product of both intensified 40 
summer and winter rainfall (15, 16). Modelling experiments explain increased winter 
precipitation by stronger wintertime storm tracks (6) or air-sea temperature difference, and 
locally induced convective precipitation that dominate freshwater budget changes on obliquity 
time scales (17). Alternatively, conceptual models based on proxy time series have suggested 
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increases of the frequency and intensity of low-pressure systems evolving in the Mediterranean 
region, mostly during fall and early winter (5, 7, 16). Hence, a well-dated proxy record covering 
multiple glacial-interglacial cycles and being sensitive to changes in Mediterranean 
hydroclimate, is key to addressing long-standing questions regarding the underlying 
mechanisms, timing, and amplitude of rainfall variability under different climate boundary 5 
conditions (greenhouse gas (GHG) concentration, orbital geometries, continental ice sheet 
volume and extent). 
 Here we assess rainfall variability in a continuous, independently dated 1.36 Myr 
sediment core from Lake Ohrid in the Balkans (Fig. 1). Climate variations at this site represent 
broader variability in the northern Mediterranean borderlands (18). We compare our sedimentary 10 
proxy time-series with transient climate simulation data and monsoon records, to provide a 
comprehensive mechanistic understanding of rainfall variability and seasonality, as well as phase 
relationships to orbital-scale forcings. 
 Lake Ohrid, Europe’s oldest and most biodiverse lake (19), is a 293-m-deep tectonic and 
hydrologically open lake, primarily fed by an extensive karst aquifer system, which supplies ions 15 
to the lake (mainly Ca2+ and HCO3

-) and filters particulate matter (20). Scientific drilling of the 
lake in 2013 resulted in a 584-m-long composite sediment succession from the lake centre, 
comprising fine-grained hemi-pelagic muds in the upper 447 m (21, 22). Sedimentation is 
thought to have been uninterrupted, as there is no evidence of unconformities or erosion surfaces. 
Independent age control from 13 interspersed tephra layers in combination with 20 
magnetostratigraphy provides a robust chronological framework. This framework allows us to 
match changes in orbital parameters with our proxy data for further refinement of age-depth 
relationships. The data demonstrate that the Lake Ohrid record spans the last ~1.36 Myr (Fig. 1; 
fig. S3). 

 Indicators for detrital input (quartz, potassium, titanium), catchment vegetation (arboreal 25 
pollen (AP, excluding pine), deciduous oaks), and hydrologic variability (total inorganic carbon 
(TIC) content, Ca/K, δ18Ocalcite, δ13Ccalcite) show clear orbital-scale cyclicity (Fig. 2; figs S7, S9, 
and S10), characterized by a strong precessional (~21 ka) component. During periods of global 
ice volume minima and NHSI maxima, we observe prominent peaks in the hydrological and 
vegetation proxy data (Fig. 2). We interpret these peaks in TIC (mainly from endogenic calcite) 30 
and Ca/K (a proxy for the concentration of endogenic calcite) as a result of enhanced activity of 
and ion supply from the karst aquifers combined with high productivity due to warmer 
conditions (20). Pollen show a simultaneous shift in vegetation structure towards a dense forest, 
with elevated amounts of deciduous oaks in the catchment, especially during early phases of 
interglacials, representing increased annual moisture availability. Lower δ13Ccalcite during these 35 
periods also suggests greater soil development and lower δ18Ocalcite (fig. S7) indicates a more 
positive precipitation/evaporation (P/E) balance (23). Thus, both aquatic and terrestrial datasets 
suggest extraordinary maxima in annual rainfall amount along with higher temperatures during 
interglacials. 
 To provide a better understanding of the observed rainfall variability from the Lake Ohrid 40 
record in a regional context, we analysed climate data time series derived from a transient 
LOVECLIM 784 ka GCM simulation (24, 25) as well as NOAA reanalysis precipitation data of 
the Lake Ohrid region for the time period 1979-2017. Temperature time series of the 5°x5° Lake 
Ohrid grid cell simulated by the LOVECLIM earth system model closely resemble records of 
first-order global ice volume (fig. S7), such as the LR04 benthic oxygen isotope stack (26). The 45 
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close match to changes in the amount of detrital siliciclastics and tree pollen (AP-P) confirms the 
sensitivity of the Lake Ohrid record to global-scale climate fluctuations (Fig. 2; fig. S7). The 
highest amplitudes in precipitation time series occur during phases of reduced ice volume, with 
prominent peaks during NHSI maxima. The excellent conformity between simulated 
precipitation and our precipitation proxy time series emphasizes that the local response recorded 5 
at Lake Ohrid also captures changes in regional hydroclimate extending back to 1.36 Ma (Fig. 2). 

 Seen both, in paleo records and in climate model simulations, the intensification of NH 
monsoon systems during precession minima and peak NHSI is a prominent example for 
orbitally-forced changes in precipitation variability (14, 15, 27). Iconic records of monsoon 
strength, such as the Chinese speleothem (27), eastern Mediterranean sapropel (12, 13, 28) and 10 
planktonic foraminifera oxygen isotope records (14, 15, 29), show a strong positive phase 
relationship with Lake Ohrid hydrological proxy time series (Fig. 2). Strengthening of NH 
monsoons is associated with a northward displacement of atmospheric circulation systems, 
including the position of the Hadley cells and the ITCZ during NH summer. The shift of the 
Hadley cell amplifies subsidence over, and persistence of, high-pressure systems in the 15 
Mediterranean region, leading to warmer and drier summers (17) and higher sea-surface 
temperatures (SST) (16, 30). Reduction of hemispheric insolation contrasts during the winter 
half-year results in a smaller equator to pole temperature gradient, southward-shifted northern 
Hadley and Ferrel cells, and weaker (and southward-shifted) mid-latitude westerlies. The 
observed relationship between the Lake Ohrid rainfall record (from TIC, Ca/K, deciduous oaks; 20 
Fig. 2, fig. S7) and the monsoon archives therefore requires increased precipitation during winter 
for the Lake Ohrid region.  

 The Lake Ohrid record, in combination with the transient simulation time-series and the 
NOAA reanalysis data, can provide fundamental insights into the mechanisms invoked by orbital 
forcing on Mediterranean rainfall. The monthly NOAA reanalysis data of the last 39 years show 25 
a distinct tendency for rainfall maxima (defined as above two standard deviations) to occur 
between the months of September to December (fig. S5A,B). The atmospheric pattern associated 
with the rainfall events exhibits a trough in the Gulf of Genova region (fig. S5C) pointing to 
increased cyclogenesis over the western Mediterranean region. 
 The annual cycle of simulated Lake Ohrid precipitation in LOVECLIM is in good 30 
agreement with the reanalysis data; the annual mean rainfall, however, is underestimated by the 
model (fig. S4B). Maxima in our precipitation simulation time series (defined as above two 
standard deviations) indicate a strong positive anomaly from September to November (SON) in 
agreement with the reanalysis data (Fig. 3, fig. S4B). The increase in SON precipitation is 
associated with the formation of a significant trough over the western Mediterranean (Fig. 3), 35 
whose formation requires relatively weak atmospheric stratification. The simulated atmospheric 
pattern is very similar to the one shown by the reanalysis data, providing us with confidence in 
our modelling approach. Our observations support previous modelling experiments suggesting 
that weakened atmospheric circulation and reduced hemispheric temperature contrasts (6), in 
combination with an increased contrast between warm SST and lower continental air 40 
temperatures (17), fuel precipitation increase in the Mediterranean mid-latitudes. Such a 
preconditioning is particularly pronounced at the beginning of fall, when the stronger thermal 
inertia of the sea relative to the land promotes moisture advection and cyclogenesis in the 
Mediterranean region (31). The increased cyclogenesis in the western Mediterranean appears to 
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be the main mechanism to explain an increased transport of moisture-bearing air masses to the 
Balkans and, in the wider sense, to Mediterranean mid-latitudes. 

 Owing to the strong coherency and agreement of the simulation with our proxy time-
series, in terms of timing and amplitude during the last 784 kyr, we infer that this mechanism 
primarily controlled precipitation at Lake Ohrid over the last 1.36 Myr. Indeed, very similar to 5 
the NH summer monsoon records, we observe a strong influence of NHSI and a reduced winter 
temperature contrast in the NH throughout the entirety of our multiproxy time-series, suggesting 
persistence of the mechanism during fundamentally different climate boundary conditions. The 
positive phase relationship between the Lake Ohrid precipitation proxy time-series and sapropel 
records (Fig. 2) therefore infers a strong coherence of African summer monsoon strength and 10 
widespread Mediterranean fall precipitation. Some peaks in our precipitation proxy time series, 
which are not represented by sapropel layers (Fig. 2), may indicate lower monsoon strength and 
reduced runoff from the African continent or that the general setting required for sapropel 
deposition and preservation was not established in the Mediterranean Sea during these periods 
(15). During generally colder and drier glacial periods (11) with increased global ice volume, 15 
lower atmospheric CO2 concentrations, and stronger mid-latitude westerlies, insolation forcing 
on precipitation appears suppressed in our record. This is in agreement with the sensitivity 
simulations conducted to disentangle the individual effects of orbital forcing, NH ice sheets and 
CO2 on Lake Ohrid precipitation (Supplementary Materials). This points to a reduced frequency 
of cyclogenesis and convective precipitation as a result of an increased temperature contrast 20 
during NH winter months and/or lower sensitivity of our sedimentary proxies during colder, 
glacial climate states (20).  

 Precessional forcing on insolation is not only the key driver of the NH monsoons, it also 
exerts a strong control on rainfall variability in the Mediterranean mid-latitudes during the 
Quaternary. Lake Ohrid sediment cores record highly resolved, and chronologically well-25 
constrained, information on rainfall maxima during phases of lower intrahemispheric 
temperature contrast and peak SST’s over the last 1.36 Myr in exquisite detail. A reduced 
temperature contrast, particularly during the winter months, and an increase of Mediterranean 
SST’s is also predicted for future climate scenarios. While the climate forcing of these scenarios 
is almost entirely related to the continued anthropogenic increase of atmospheric greenhouse gas 30 
concentrations, the impacts on the key drivers of rainfall amount in the Mediterranean are very 
similar to precessional forcing in the past. The Lake Ohrid rainfall record therefore provides an 
observational time-series that allows validation of regional scale climate simulations and may 
help to reduce simulation uncertainties for the Mediterranean. 

 35 
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Fig. 1.  

 

Fig. 1. Age model of the DEEP site record. The age model is based on tephrochronological 
correlation of 13 tephra layers (red, first-order tie points), two paleomagnetic age reversals 
(dashed lines, first-order tie points) and tuning of total organic carbon (TOC) minima in the 5 
DEEP site record vs. inflection points in insolation and winter season length (blue, second-order 
tie points). Ages and errors of the tephra layers and the age model are discussed in detail in the 
Supplementary information. The insert shows the location of Lake Ohrid in the Balkans and the 
approximate position of the intertropical convergence zone (ITCZ) in summer and winter. 
  10 
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Fig. 2.  

 

Fig. 2. Lake Ohrid rainfall indicators and global monsoon records for the last 1.4 million 
years. (A) Eastern Mediterranean Sapropel ages (green = sapropel, red = red interval/oxidized 
sapropel, violet = ghost sapropel; 12, 13, 28); (B) Chinese Speleostack δ18O (27); (C) Medstack 5 
δ18O planktonic (29); SST = sea surface temperature, SSS = sea surface salinity; (D) Lake Ohrid 
δ13C endogenic calcite; (E) Lake Ohrid deciduous oaks pollen percentage; (F) Lake Ohrid total 
inorganic carbon (TIC) concentrations; (G) Northern Hemisphere winter insolation difference 
between the tropic of cancer and the arctic circle (32); (H) annual mean precipitation amount for 
the Lake Ohrid grid cell from the LOVECLIM simulation; (I) Lake Ohrid arboreal pollen 10 
excluding pinus pollen (AP-P) percentages; (K) LR04 benthic δ18O stack (26) odd numbers 
indicate interglacials; red and white diamonds indicate the position of radiometrically dated 
tephra layers, blue and white diamonds the position of reversals of Earth’s magnetic field in the 
Lake Ohrid sediment record. 
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Fig. 3. 

 

Fig. 3. Simulated Lake Ohrid precipitation and atmospheric anomaly pattern associated 
with precipitation maxima. (A) Simulated precipitation (cm yr-1) for the Lake Ohrid grid cell. 
Data based on 1000-year averages. Dashed line indicates two standard deviations above the 5 
mean. Red shading highlights precipitation values exceeding two standard deviations. See 
Methods for details on the model simulations. (B) Composite anomalies of September-November 
(SON), 800 hPa geopotential height (m, shading) and wind (m s-1, vectors) associated with 
precipitation maxima shown in (A). 
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