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Preface
What is weather and climate

Climate is what you expect, 
weather is what you get 
- Andrew John Herbertson (1901)

Weather is how you choose your 
outfit, climate is how you choose 
your wardrobe 
- Unattributed
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Context
... a look at our present weather and climate
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Present Climate
Combined land-
surface and  sea-
surface temperature 

à Global average 

Reference Period

Data available: 
www.metoffice.gov.uk/hadobs/
hadcrut4
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Present Climate

HadCRUT4 
global temperature  
record 

à Northern  
Hemisphere 
average
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Present Climate

HadCET 
central England 
temperature record 

Longest instrumental 
record of temperature 
in the world
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Present Climate

Atmospheric CO2 
Mauna Loa 
Observatory, 
Hawaii 
(3,400m amsl) 

Available at: 
https://www.esrl.noaa.gov 
/gmd/ccgg/trends/
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Present Climate
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Present Climate

• Natural variability has a larger impact year to year 
than climate change, but… 

• We’re living in a time of significant climate variability 
• NH average temperatures have risen ~1°C in the 

last 30-40 years 
• Human activities are having a noticeable impact
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So…
(the contents of this talk)

• Paleoclimate: how do we look at climate of the 
deep past? 

• How does our present climate compare to the 
climate of Classical Antiquity? 

• How has weather and climate shaped Classical 
history?
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Introduction to 
Palaeoclimatology
“Study of ancient climates, prior to the widespread availability 
of instrumental records” ~ NOAA
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• We don’t have instrumental records, 
so we use proxy records: 

- Ice & sediment cores 
- Tree rings 
- Speleothems (Caves) 
- Coral & sclerosponges

Palaeoclimatology
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Palaeoclimatology

• Oxygen is one of the most significant keys 
to deciphering past climates. 

• Ratio of 16O to 18O in water changes with 
the climate

http://earthobservatory.nasa.gov/
Features/
Paleoclimatology_IceCores/
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Palaeoclimatology

• Evaporation and condensation are the two 
processes that most influence the ratio of 
heavy oxygen to light oxygen in the oceans.

http://earthobservatory.nasa.gov/
Features/
Paleoclimatology_IceCores/
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• O isotopes also exist in corals. 
• Ratio of 16O/18O in coral depends on water temperature 
• Corals also capture strontium/calcium which is also determined by 

temperature. 
• Coral growth rings and  

radioisotopic (eg. 14C) dating  
can precisely date (calibrate)  
isotope ratios

Palaeoclimatology
http://earthobservatory.nasa.gov/
Features/
Paleoclimatology_IceCores/
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• Spacing of tree rings (growth 
cycles) depend on rainfall 

• But in areas where rainfall is 
plentiful, rings can give 
indication of temperature or 
other events

Palaeoclimatology
http://earthobservatory.nasa.gov/
Features/
Paleoclimatology_IceCores/

Forest fire record
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..so how do these compare to our 
timeline?

Ice Cores100K BP

Coral (live)Coral (fossil/sub-fossil)

Tree rings

> 2M BP

4K BP

Speleothems240K BP

Most paleoclimate records far 

outdate Classical Antiquity

1000 CEBCE/CE1000 BCE

Instrumental Period

HadCRUT4

Me →

Classical Antiquity

2000 CE
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The Climate of  
Classical Antiquity 



www.metoffice.gov.uk © Crown Copyright 2017, Met Office

The Climate of  
Classical Antiquity 

Sigl, M. et al. Timing and 
climate forcing of volcanic 
eruptions for the past 2,500 
years. Nature 523, 543–549 
(2015).
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Figure 2 | Re-dated ice-core, non-sea-salt sulfur
records from Greenland and Antarctica in
relation to growth anomalies in the N-Tree
composite. a, Ice-core, non-sea-salt sulfur (nssS
in parts per billion, p.p.b.) records from Greenland
(NEEM, NEEM-2011-S1) on the NS1-2011
timescale between 500 BCE and 1300 CE, with the
identified layer of Tianchi tephra67 highlighted
(orange star). Calendar years are given for the start
of volcanic sulfate deposition. Events used as
fixed age markers to constrain the dating (536 CE,
626 CE, 775 CE, 939 CE and 1258 CE) are
indicated (purple stars). Annually resolved 10Be
concentration record (green) from NEEM-2011-S1
encompassing the two D14C excursion events in
trees from 775 CE and 994 CE. b, Tree-ring
growth anomalies (relative to 1000–1099 CE) for
the N-Tree composite42,43,76–78. c, nssS records
from Antarctica (red, WDC; pink, B40) on the
WD2014 timescale and annually resolved 10Be
concentrations from WDC. d, Superposed epoch
analysis for 28 large volcanic signals during the past
2,500 years. Tree-ring growth anomalies relative
to the timing of reconstructed sulfate deposition
in Greenland (NS1-2011) are shown for 1250–
2000 CE (black trace) and 500 BCE to 1250 CE

(green trace).
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Figure 3 | Global volcanic aerosol forcing and Northern Hemisphere
temperature variations for the past 2,500 years. a, 2,500-year record of tree-
growth anomalies (N-Tree42,43,76–78; relative to 1000–1099 CE) and reconstructed
summer temperature anomalies for Europe and the Arctic3 with the 40
coldest single years and the 12 coldest decades based on N-Tree indicated.
b, Reconstructed global volcanic aerosol forcing from bipolar sulfate composite

records from tropical (bipolar), Northern Hemisphere, and Southern
Hemisphere eruptions. Total (that is, time-integrated) forcing values are
calculated by summing the annual values for the duration of volcanic sulfur
deposition. The 40 largest volcanic signals are indicated, and ages are given
for events representing atmospheric sulfate loading exceeding that of the
Tambora 1815 eruption.
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• Volcanic eruption 
reconstruction based on 
Greenland & Antarctica 
ice-core proxies  

• Based on sulphur 
concentrations
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The Climate of  
Classical Antiquity 

Sigl, M. et al. Timing and 
climate forcing of volcanic 
eruptions for the past 2,500 
years. Nature 523, 543–549 
(2015).
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Figure 2 | Re-dated ice-core, non-sea-salt sulfur
records from Greenland and Antarctica in
relation to growth anomalies in the N-Tree
composite. a, Ice-core, non-sea-salt sulfur (nssS
in parts per billion, p.p.b.) records from Greenland
(NEEM, NEEM-2011-S1) on the NS1-2011
timescale between 500 BCE and 1300 CE, with the
identified layer of Tianchi tephra67 highlighted
(orange star). Calendar years are given for the start
of volcanic sulfate deposition. Events used as
fixed age markers to constrain the dating (536 CE,
626 CE, 775 CE, 939 CE and 1258 CE) are
indicated (purple stars). Annually resolved 10Be
concentration record (green) from NEEM-2011-S1
encompassing the two D14C excursion events in
trees from 775 CE and 994 CE. b, Tree-ring
growth anomalies (relative to 1000–1099 CE) for
the N-Tree composite42,43,76–78. c, nssS records
from Antarctica (red, WDC; pink, B40) on the
WD2014 timescale and annually resolved 10Be
concentrations from WDC. d, Superposed epoch
analysis for 28 large volcanic signals during the past
2,500 years. Tree-ring growth anomalies relative
to the timing of reconstructed sulfate deposition
in Greenland (NS1-2011) are shown for 1250–
2000 CE (black trace) and 500 BCE to 1250 CE

(green trace).
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Figure 3 | Global volcanic aerosol forcing and Northern Hemisphere
temperature variations for the past 2,500 years. a, 2,500-year record of tree-
growth anomalies (N-Tree42,43,76–78; relative to 1000–1099 CE) and reconstructed
summer temperature anomalies for Europe and the Arctic3 with the 40
coldest single years and the 12 coldest decades based on N-Tree indicated.
b, Reconstructed global volcanic aerosol forcing from bipolar sulfate composite

records from tropical (bipolar), Northern Hemisphere, and Southern
Hemisphere eruptions. Total (that is, time-integrated) forcing values are
calculated by summing the annual values for the duration of volcanic sulfur
deposition. The 40 largest volcanic signals are indicated, and ages are given
for events representing atmospheric sulfate loading exceeding that of the
Tambora 1815 eruption.
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Eruption of Mount 
Vesuvius in 79 CE 
was one of the 
smaller eruptions of 
this period

800 BCE 700 BCE 600 BCE 500 BCE 400 BCE 300 BCE 200 BCE 100 BCE BCE/CE 100 CE 200 CE 300 CE 400 CE 500 CE 600 CE

Roman Empire

Classical Greece

Republic of Rome

https://en.wikipedia.org/wiki/Mount_Vesuvius
https://en.wikipedia.org/wiki/Mount_Vesuvius
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The Climate of  
Classical Antiquity 

Usoskin, I. G. A History of 
Solar Activity over Millennia. 
Living Rev. Solar Phys. 10, 
1–94 (2013).

50 Ilya G. Usoskin

4 Variability of Solar Activity Over Millennia

Several reconstructions of solar activity on multi-millennial timescales have been performed recently
using physics-based models (see Section 3) from measurements of 14C in tree rings and 10Be in
polar ice. The validity of these models for the last few centuries was discussed in Section 3.7.
In this section we discuss the temporal variability of thus-reconstructed solar activity on a longer
scale.

Here we consider the 14C-based decade reconstruction of sunspot numbers (shown in Figure 21).
It is identical to that shown in Figure 17, but includes also a Gleissberg 1-2-2-2-1 filter in order
to suppress noise and short-term fluctuations. This series forms the basis for the forthcoming
analysis, while di↵erences related to the use of other reconstructions are discussed.
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Figure 21: Sunspot activity (over decades, smoothed with a 12221 filter) throughout the Holocene,
reconstructed from 14C by Usoskin et al. (2007) using geomagnetic data by Yang et al. (2000). Blue and
red areas denote grand minima and maxima, respectively.

4.1 Quasi-periodicities and characteristic times

In order to discuss spectral features of long-term solar-activity dynamics, we show in Figure 22
a wavelet spectral decomposition of the sunspot number reconstruction throughout the Holocene
shown in Figure 21. The left-hand panels show the conventional wavelet decomposition in the time-
frequency domain, while the right-hand panels depict the global spectrum, namely, an integral over
the time domain, which is comparable to a Fourier spectrum. The peak in the global spectrum at
about an 80-year period corresponds to the Gleissberg periodicity, known from a simple Fourier
analysis of the �14C series (Peristykh and Damon, 2003). The peak at an approximately 150 year
period does not correspond to a persistent periodicity, but is formed by a few time intervals
(mostly 6000 – 4000 BC) and can be related to another “branch” of the secular cycle, according to

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2013-1

• Sun spot activity indicates 
sun activity.   

• Reconstructed from 14C 
and geomagnetic records 

• Occurrence of minima/
maxima is not driven by 
long-term cyclic variability, 
but by a chaotic process 

• Sunspot activity unlikely to 
have any major influence 
on Classical Climate

Maunder Minimum

Relatively stable 
compared to recent 

solar activity
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• A study of carnivorous 
shallow-water planktonic 
foraminifera - isotope 
analysis of 18O and 13C 

• These give an indication of 
temperature, salinity & 
nutrient availability → 
proxy for sea/ocean 
circulation

Grauel, A.-L. et al., Climate of the past 
2500 years in the Gulf of Taranto, central 
Mediterranean Sea: A high-resolution 
climate reconstruction based on δ 18O 
and δ 13C of Globigerinoides 
ruber(white). The Holocene 23, 1440–
1446 (2013).

The Climate of  
Classical Antiquity Grauel et al. 1443

the salinity gradient between the coastal waters and the offshore 
regions in the central Ionian Sea is ~2 PSU (Grauel and Ber-
nasconi, 2010). Pierre (1999) showed that in the Mediterranean 
Sea an increase in ~1 PSU in salinity corresponds to a 0.25‰-
shift in δ18O of the water. Therefore, potential variations in 

salinity and nutrient distributions related to circulation patterns of 
the WAC and ISW have to be considered (Grauel and Bernasconi, 
2010; Grauel et al., 2013).

As an additional climate indicator we used the abundance of 
G. ruber (pink) which also reflects summer conditions in the Gulf 
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Figure 3. Comparison of different climate proxies over the past 2500 years: (a) δ18O record of G. ruber (white); (b) δ13C record of G. ruber 
(white); (c) total abundance of G. ruber (pink). (d) δ18O record of G. ruber from an adjacent core by Taricco et al. (2009). (e) W/C ratio of 
dinoflagellate cysts of core DP30 (Chen et al., 2011); (f) δ18O record from an adjacent multicore covering the past 500 years by Grauel et al. 
(2013). (g) δ18O stalagmite record from the SE Alps of Italy by Frisia et al. (2005); (h) phases of glacier advance in the Swiss Alps (500–600, 
800–900, 1100–1200, and 1300–1860) (Holzhauser et al. 2005); (i) global temperature anomaly (Jones and Mann, 2004).

ISW = Ionian 
Surface Water 

WAC = West 
Adriatic Current

Grauel et al. 1441

In contrast, the MWP (between AD 800 and AD 1200) features 
stable and warm but also drier conditions especially in its second 
half (AD 1000–1200) in the Mediterranean (e.g. Despart et al., 
2003; Guiot et al., 2010; Lamb, 1977; Lebreiro et al., 2006; Mar-
tin-Chívelet et al., 2011; Piva et al., 2008; Reale and Dirmeyer 
2000). The LIA (between AD 1300 and AD 1860) is characterized 
by a decrease in Northern Hemisphere temperatures to cooler and 
wetter conditions during the 15th and 19th centuries (e.g. Bradley 
and Jones, 1993; Crowley, 2000; Grove, 1988; Jones et al., 1998; 
Luterbacher et al., 2004; Pfister, 1995; Wanner et al., 2000).

Most of the current studies focus on the terrestrial environment 
(e.g. Büntgen et al., 2011; Corona et al., 2010; Oldfield et al., 2003; 
Reale and Dirmeyer, 2000; Tinner et al., 2003). In contrast, little is 
known about the influences of climate variability on the marine 
environment in the Mediterranean during the last 2500 years (e.g. 
Oldfield et al., 2003; Piva et al., 2008; Schilman et al., 2001).

Previous studies on sediment cores in the Gulf of Taranto have 
shown the potential of this site for high-resolution climate and 
environmental reconstructions (e.g. Chen et al., 2011; Cini Cast-
agnoli et al., 1990; Grauel, 2012; Grauel et al., 2013; Taricco 
et al., 2009; Versteegh et al., 2007; Zonneveld et al., 2012). How-
ever, marine sediment records from the near coastal environment 
in the Gulf of Taranto have to be interpreted with caution because 
of seasonally highly variable hydrographic conditions and vari-
able terrestrial inputs (Grauel et al., 2013). A core-top study of 
δ13C and δ18O of G. ruber (white) suggests that in the Gulf of 
Taranto the species dominantly reflects summer conditions and 
records circulation changes imposed by the interplay of the differ-
ent coastal currents on a decadal to multicentennial scale (Grauel 
and Bernasconi, 2010; Grauel et al., 2013).

In this paper we present a decadal- to centennial-scale δ13C 
and δ18O record of G. ruber (white) from a sediment core in the 
Gulf of Taranto over the past 2500 years. In addition, the abun-
dance of G. ruber (pink) was determined as this species is rela-
tively sensitive to temperature variations (Mulitza et al., 1998).

The aim of this study is to identify climate variations in the 
Gulf of Taranto and link them to major climate events in the Med-
iterranean over the past two millennia.

Modern hydrography of the Gulf 
of Taranto
The hydrography in the Gulf of Taranto is characterized by two 
main surface water masses: the Western Adriatic Current (WAC), 
a less saline, nutrient-rich water mass flowing in a narrow coastal 
band from the northern Adriatic Sea into the Gulf of Taranto and 

the warmer and more saline Ionian Surface Water (ISW) from the 
central Ionian Sea (Bignami et al., 2007; Poulain, 2001; Turchetto 
et al., 2007) (Figure 1). The WAC receives its primary fluvial con-
tribution from the Po River in the North and additional fluvial 
input from many smaller Alpine and Apennine rivers flowing into 
the northern Adriatic Sea (Raicich, 1996). The fluvial input plays 
a decisive role in nutrient supply and drives the primary productiv-
ity of the Adriatic Sea (e.g. Boldrin et al., 2005). During summer 
the WAC is weaker and located more offshore as a consequence of 
reduced river discharge (Poulain, 2001) leading to a decreased 
inflow into the Gulf of Taranto (Sellschopp and Álvarez, 2003).

Material and methods
For the isotopic analyses we sampled the first 2 m of core DP30 
(total core length ~8.3 m), collected at 39.835°N/17.801°E and a 

Table 1. Selection of references and their classification of the different climatic periods (RWP, DCP, MWP, LIA). The authors Büntgen et al. 
(2011), Lamb (1977), Reale and Dirmeyer (2000) and Tinner et al. (2003), also cited in the introduction, do not classify the climatic periods 
according to the scheme used, and use either historical events or their own temporal classification scheme.

‘Roman Warm 
Period’ (RWP)

‘Dark Cold 
Period’ (DCP)

‘Medieval Warm 
Period’ (MWP)

‘Little Ice Age’ 
(LIA)

Abrantes et al. (2005) AD 550–1300 AD 1300–1900
Corona et al. (2010) AD 800–1500  
Despart et al. (2003) 450 BC–AD 250 AD 500–1000 AD 950–1400 AD 1400–1860
Eiríksson et al. (2006) 400–50 BC AD 400–800 AD 800–1300 AD 1300–1900
Frisia et al. (2005) 450–0 BC AD 450–700 AD 700–1400 AD 1450–1800
Holzhauser et al. (2005) 200 BC–AD 50 AD 800–1300 AD 1300–1860
Lebreiro et al. (2006) 0–350 AD AD 400–700 AD 800–1200 AD 1300–1750
Martín-Chivelet et al. (2011) 550 BC–AD 300 AD 300–600 AD 600–1200 AD 1200–1850
Piva et al. (2008) AD 1500–1880
Present study ‘Roman Classical 

Period’ (RCP)
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Figure 1. Map of southern Italy showing the Adriatic Sea and 
Ionian Sea, general surface water circulation, water masses (WAC: 
Western Adriatic Current; ISW: Ionian Surface Water) and core 
location in the Gulf of Taranto. (Ocean Data View program by 
Schlitzer (2009)).
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the salinity gradient between the coastal waters and the offshore 
regions in the central Ionian Sea is ~2 PSU (Grauel and Ber-
nasconi, 2010). Pierre (1999) showed that in the Mediterranean 
Sea an increase in ~1 PSU in salinity corresponds to a 0.25‰-
shift in δ18O of the water. Therefore, potential variations in 

salinity and nutrient distributions related to circulation patterns of 
the WAC and ISW have to be considered (Grauel and Bernasconi, 
2010; Grauel et al., 2013).

As an additional climate indicator we used the abundance of 
G. ruber (pink) which also reflects summer conditions in the Gulf 
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Grauel, A.-L. et al., Climate of the past 
2500 years in the Gulf of Taranto, central 
Mediterranean Sea: A high-resolution 
climate reconstruction based on δ 18O 
and δ 13C of Globigerinoides 
ruber(white). The Holocene 23, 1440–
1446 (2013).

The Climate of  
Classical Antiquity 

Low values 18O indicating a higher 
influence of the less saline, nutrient-
rich WAC and a trend to a lower depth 
habitat of the species reflecting 
generally wetter and warmer conditions 
during this time interval, compared to 
today.

Increase in 18O: Move to more saline, 
less nutrient rich conditions, decrease 
in WAC

Decrease in 13C: Intensified 
deforestation, coherent with pollen data 
from the Alps that indicate higher 
temperatures and a continuing and 
intensified deforestation.
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• Sediment Cores in Western Med. Basin 
• Multiple proxies used, including foraminifera 

• Gives indication of evaporation–precipitation 
balance and sea surface temperatures
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Figure 1. Location of the studied area. (a) Central-western Mediterranean Sea: cores MIN and MR3 (red dots). NC: Northern Current
(surface). WMDW: Western Mediterranean Deep Water. (b) Cores used in age model development from the Tyrrhenian Sea (green triangles;
Lirer et al., 2013) and cores used in Mg /Ca–SST calibration from the western Mediterranean Basin (blue squares).

events in Minorca and to the classic climatic ones defined in
the literature (i.e. Nieto-Moreno et al., 2011, 2013; Moreno
et al., 2012; Lirer et al., 2013, 2014).

2 Climatic and oceanographic settings

The Mediterranean Sea is a semi-enclosed basin located in
a transitional zone between different climate regimes, from
the temperate zone in the north to the subtropical zone in
the south. Consequently, the Mediterranean climate is char-
acterized by mild wet winters and warm to hot, dry sum-
mers (Lionello et al., 2006). Interannual climate variability
is very much controlled by the dipole-like pressure gradient
between the Azores (high) and Iceland (low) system, known
as the North Atlantic Oscillation (NAO; Hurrell, 1995; Li-
onello and Sanna, 2005; Mariotti, 2011; Ausín et al., 2015).
However, the northern part of the Mediterranean region is
also linked to other mid-latitude teleconnection patterns (Li-
onello, 2012).
The Mediterranean Sea is a concentration basin (Béthoux,

1980; Lacombe et al., 1981) and the excess of evaporation
with respect to freshwater input is balanced by water ex-
change at the Strait of Gibraltar (i.e. Pinardi and Masetti,
2000; Malanotte-Rizzoli et al., 2014). The basin-wide cir-
culation pattern is predominantly cyclonic (Millot, 1999).
Three convection cells promote the Mediterranean deep and
intermediate circulation: a basin-wide open cell and two sep-
arated closed cells, one for the western part of the basin and
one for the eastern part. The first one connects the two basins
of the Mediterranean Sea though the Strait of Sicily, where

water masses interchange occurs at intermediate depths. This
cell is associated with the inflow of Atlantic Water (AW) at
the Strait of Gibraltar and the outflow of the Levantine Inter-
mediate Water (LIW) that flows below the first (Lionello et
al., 2006).
In the north-western Mediterranean Sea, the Northern Cur-

rent (NC) represents the main feature of the surface cir-
culation transporting waters alongshore from the Ligurian
Sea to the Alboran Sea (Fig. 1a). North-east of the Balearic
Promontory a surface oceanographic front separates Mediter-
ranean waters transported by the NC from the Atlantic waters
that recently entered the Mediterranean (Millot, 1999; Pinot
et al., 2002; André et al., 2005).
Deep convection occurs offshore of the GoL due to the

action of persistent cold and dry winter winds such as the
tramontana and the mistral. These winds cause strong evap-
oration and cooling of surface water, thus increasing their
density, sinking to greater depths and leading to Western
Mediterranean Deep Water formation (WMDW; MEDOC,
1970; Lacombe et al., 1985; Millot, 1999). Dense shelf wa-
ter cascading (DSWC) in the GoL also contributes to the sink
of large volumes of water and sediments into the deep basin
(Canals et al., 2006).
The north-western Mediterranean primary production is

subject to an intense bloom in late winter–spring, when
the surface layer stabilizes, and sometimes to a less intense
bloom in autumn, when the strong summer thermocline is
progressively eroded (Estrada et al., 1985; Bosc et al., 2004;
D’Ortenzio and Ribera, 2009; Siokou-Frangou et al., 2010).
SST in the region evolves accordingly with the seasonal
bloom, with minima SST in February, which subsequently
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858 M. Cisneros et al.: Sea surface temperature variability in the Mediterranean Sea

fluxes have already started to decrease (Rigual-Hernández et
al., 2012, 2013). This different growth season can explain the
proxy bias in the SST reconstructions, with more smoothed
alkenone–SST signals.
Both Mg /Ca–SST and Uk0

37–SST records show consis-
tent cooling trends of about �0.5 �Ckyr�1 during the stud-
ied period (2700 years), which is consistent with the re-
cent 2 kyr global reconstruction (McGregor et al., 2015;
see Sect. 5.2). The recorded cooling since the RP SST
maxima (⇠ 200CE) is more pronounced in the Mg /Ca–
SST (�1.7 to �2.0 �Ckyr�1) than in the alkenone signal
(�1.1 �Ckyr�1). These coolings are larger than those esti-
mated in the global reconstruction (McGregor et al., 2015)
for the last 1200 years (average anomaly method 1: �0.4 to
�0.5 �Ckyr�1). It should be noted that the global reconstruc-
tion includes alkenone–SST from MIN cores (data published
in Moreno et al., 2012).
The detailed comparison of the centennial SST variability

recorded by both proxy stacks consistently indicates a puz-
zling antiphase (Fig. 6b and c). Although the main trends are
consistently parallel in both alkenone and Mg /Ca proxies
(r = 0.5; p value= 0) as observed in other regions, short-
term variability appears to have an opposite character. Sta-
tistical analysis of these differences examined by means
of Welch’s test indicates that the null hypothesis (means
are equal) can be discarded at the 5% error level: tobserved
(12.446) > tcritical (1.971). This a priori unexpected proxy dif-
ference outlines the relevance of the seasonal variability for
climate evolution and suggests that extreme winter coolings
were followed by more rapid and intense spring warmings.
Nevertheless, regarding the low amplitude of several of these
oscillations, often close to the proxy error, this observation
needs to be supported by further constraints as a solid re-
gional feature.

6 Discussion

6.1 Climate patterns during the last 2.7 kyr

The SST changes in the Minorca region have implications for
the surface air mass temperature and moisture source regions
that could influence on air mass trajectories and ultimately
precipitation patterns in the western Mediterranean region
(Millán et al., 2005; Labuhn et al., 2015). Recent observa-
tions have identified SST as a key factor in the development
of torrential rain events in the western Mediterranean Basin
(Pastor et al., 2001), constituting a potential source of mass
instability that transits over these waters (Pastor, 2012). In
this context, the combined SST and �18Osw records can pro-
vide information on the connection between thermal changes
and moisture export from the central-western Mediterranean
Sea during the last 2.7 kyr.
The oldest period recorded in our data is the so-called Ta-

laiotic Period (TP), which corresponds to the ages of an-
tiquity such as the period of ancient Greece in other geo-
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Figure 6. Temperature and isotope anomaly records from Minorca
(this study) and data from other regions. (a) �18Oc and �18Osw
(‰ SMOW) Minorca stacks; (b) alkenone–SST anomaly Minorca
stack; (c)Mg /Ca–SST anomaly Minorca stack; (d) warm and cold
phases and �18OG.ruber recorded by planktonic foraminifera from
the southern Tyrrhenian composite core, with RCI to RCIV show-
ing Roman cold periods (Lirer et al., 2014); (e) 30-year averages of
the PAGES 2k Network (2013) Europe anomaly temperature recon-
struction; (f) Greenland snow surface temperature (Kobashi et al.,
2011); and (g) central Europe summer anomaly temperature recon-
struction in central Europe (Büntgen et al., 2011).

graphic areas. Both Mg /Ca–SST and alkenone–SST records
are consistent in showing a general cooling trend from
⇠ 500BCE and reaching minimum values by the end of the
period (⇠ 120BCE; Fig. 6a–b). Very few other records are
available from this time period, which make comparisons of
these trends at regional scale difficult.
One of the most prominent features in the two SST re-

constructions, particularly in the Mg /Ca–SST stack, is the
warm SST that predominated during the second half of the
RP (150–400CE). The onset of the RP was relatively cold
and a ⇠ 2 �C warming occurred during the first part of this
period. This SST evolution from colder to warmer condi-
tions during the RP is consistent with the isotopic record of
the Gulf of Taranto (Taricco et al., 2009) and peat recon-

Clim. Past, 12, 849–869, 2016 www.clim-past.net/12/849/2016/
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fluxes have already started to decrease (Rigual-Hernández et
al., 2012, 2013). This different growth season can explain the
proxy bias in the SST reconstructions, with more smoothed
alkenone–SST signals.
Both Mg /Ca–SST and Uk0

37–SST records show consis-
tent cooling trends of about �0.5 �Ckyr�1 during the stud-
ied period (2700 years), which is consistent with the re-
cent 2 kyr global reconstruction (McGregor et al., 2015;
see Sect. 5.2). The recorded cooling since the RP SST
maxima (⇠ 200CE) is more pronounced in the Mg /Ca–
SST (�1.7 to �2.0 �Ckyr�1) than in the alkenone signal
(�1.1 �Ckyr�1). These coolings are larger than those esti-
mated in the global reconstruction (McGregor et al., 2015)
for the last 1200 years (average anomaly method 1: �0.4 to
�0.5 �Ckyr�1). It should be noted that the global reconstruc-
tion includes alkenone–SST from MIN cores (data published
in Moreno et al., 2012).
The detailed comparison of the centennial SST variability

recorded by both proxy stacks consistently indicates a puz-
zling antiphase (Fig. 6b and c). Although the main trends are
consistently parallel in both alkenone and Mg /Ca proxies
(r = 0.5; p value= 0) as observed in other regions, short-
term variability appears to have an opposite character. Sta-
tistical analysis of these differences examined by means
of Welch’s test indicates that the null hypothesis (means
are equal) can be discarded at the 5% error level: tobserved
(12.446) > tcritical (1.971). This a priori unexpected proxy dif-
ference outlines the relevance of the seasonal variability for
climate evolution and suggests that extreme winter coolings
were followed by more rapid and intense spring warmings.
Nevertheless, regarding the low amplitude of several of these
oscillations, often close to the proxy error, this observation
needs to be supported by further constraints as a solid re-
gional feature.

6 Discussion

6.1 Climate patterns during the last 2.7 kyr

The SST changes in the Minorca region have implications for
the surface air mass temperature and moisture source regions
that could influence on air mass trajectories and ultimately
precipitation patterns in the western Mediterranean region
(Millán et al., 2005; Labuhn et al., 2015). Recent observa-
tions have identified SST as a key factor in the development
of torrential rain events in the western Mediterranean Basin
(Pastor et al., 2001), constituting a potential source of mass
instability that transits over these waters (Pastor, 2012). In
this context, the combined SST and �18Osw records can pro-
vide information on the connection between thermal changes
and moisture export from the central-western Mediterranean
Sea during the last 2.7 kyr.
The oldest period recorded in our data is the so-called Ta-

laiotic Period (TP), which corresponds to the ages of an-
tiquity such as the period of ancient Greece in other geo-
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Figure 6. Temperature and isotope anomaly records from Minorca
(this study) and data from other regions. (a) �18Oc and �18Osw
(‰ SMOW) Minorca stacks; (b) alkenone–SST anomaly Minorca
stack; (c)Mg /Ca–SST anomaly Minorca stack; (d) warm and cold
phases and �18OG.ruber recorded by planktonic foraminifera from
the southern Tyrrhenian composite core, with RCI to RCIV show-
ing Roman cold periods (Lirer et al., 2014); (e) 30-year averages of
the PAGES 2k Network (2013) Europe anomaly temperature recon-
struction; (f) Greenland snow surface temperature (Kobashi et al.,
2011); and (g) central Europe summer anomaly temperature recon-
struction in central Europe (Büntgen et al., 2011).

graphic areas. Both Mg /Ca–SST and alkenone–SST records
are consistent in showing a general cooling trend from
⇠ 500BCE and reaching minimum values by the end of the
period (⇠ 120BCE; Fig. 6a–b). Very few other records are
available from this time period, which make comparisons of
these trends at regional scale difficult.
One of the most prominent features in the two SST re-

constructions, particularly in the Mg /Ca–SST stack, is the
warm SST that predominated during the second half of the
RP (150–400CE). The onset of the RP was relatively cold
and a ⇠ 2 �C warming occurred during the first part of this
period. This SST evolution from colder to warmer condi-
tions during the RP is consistent with the isotopic record of
the Gulf of Taranto (Taricco et al., 2009) and peat recon-

Clim. Past, 12, 849–869, 2016 www.clim-past.net/12/849/2016/

~2°C warming of SSTs - reflects 
warmer climate.  Higher (steric) sea 
level also likely (maybe as much as 
20mm) but this is complicated 
subject…  

this change (over ~250 yrs) is 
equivalent to the change in sea surface 
temperature we’ve seen between 1900 
to 2000

Elevated evaporation-
precipitation (also seen in 
Alps) could result in 
increased precipitation 
elsewhere in Europe (e.g 
Spain).

↑E-P = more 
evaporation that 
precipitation = 
drier conditions
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• Sediment cores from 
across Switzerland for 
Alpine flood reconstruction 

• These give an indication of 
summer conditions and 
European storm tracks
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Figure 2 | Alpine study sites. (a), Location of studied lakes: B: Baldegg, F: Fälen, G: Glattalp, Gr: Grimsel, H: Hinterburg, Hs: Hinterer Schwendisee, I:
Iffig, L: Lauerz, S: Seelisberg, T: Trüeb. Blue circle indicates the location of the Lower Grindelwald Glacier that was used for reconstruction of glacier-
length change22. Relief data and map of Switzerland reproduced with permission of swisstopo/JA100119. (b–c), Schematic illustration of the meridional
location and expansion of the Azores high-pressure system during warm and cool summers, controlling the pathways of westerly storm tracks (bold
arrows) and the occurrence of Vb cyclones (dashed line). Varying expansion of the Hadley Cell leads to a northward-shift (southward-shift) and
strengthening (weakening) of the Azores high-pressure system and of the westerly storm tracks, generating warm (cool) summers with less (more) intense
precipitation in the Alps. White rectangle indicates the Alpine study area and yellow ellipse shows the location of the tree-ring-based summer temperature
reconstruction used for comparison21.
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Figure 1 | Flood-layer generation. (a), Sketch illustrating erosion and mobilization of terrestrial material during intense precipitation in the catchment
area. The sediment material is fed into the river drainage and upon entering the next downstream lake. The sediment-laden river water proceeds as
turbiditic underflow to the deepest part of the lake basin, where the sediment load is deposited as characteristic flood-layer (illustration modified after13).
(b), Core photograph with two flood-layers (indicated by black bars) from Lake Glattalp.
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Figure 1 | Flood-layer generation. (a), Sketch illustrating erosion and mobilization of terrestrial material during intense precipitation in the catchment
area. The sediment material is fed into the river drainage and upon entering the next downstream lake. The sediment-laden river water proceeds as
turbiditic underflow to the deepest part of the lake basin, where the sediment load is deposited as characteristic flood-layer (illustration modified after13).
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Glur, L. et al. Frequent floods in the 
European Alps coincide with cooler 
periods of the past 2500 years. 
Scientific Reports 3, 1–5 (2013).
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Glur, L. et al. Frequent floods in the 
European Alps coincide with cooler 
periods of the past 2500 years. 
Scientific Reports 3, 1–5 (2013).

during winter. This seasonal pattern does not impede our flood
record, as large floods occur mainly between June and October6,8,19.
In order to verify our approach, the established Central Alpine flood
reconstruction was compared against an independently established
flood record over the past 500 years, which is based on historical
documents8. Apart from the early times when the historical evidence
appears to be particularly sparse, the two independent datasets are in
good agreement (Figs. 3b–c).

Our data show thirteen distinct periods of high flood frequency
around 1850, 1740, 1610, 1480, 1380–1300, 1010, 880, 680–580, 350,
180 C.E., and 60, 170, 300 B.C.E. The highest flood frequency is
found around 1740 C.E. with events occurring seven times more
frequently than during the calmest period at 400 C.E., emphasizing
high natural variability of the climate system. The robustness of the
flood frequency peaks was tested with a Jackknife analysis (Supple-
mentary notes online). The performed analyses reveal that the main
peaks are robust and unlikely of random origin, but also underscore
the need of combining records from different lake sites to reconstruct
a synoptic rainfall signal. This is illustrated with the uncertainty
estimate of the frequency signal, which considerably increases the
more lakes from the Central Alpine flood reconstruction are omitted

(Supplementary Fig. S1 online). Regarding the best-characterized
climatic periods during the past 2500 years20, the flood activity was
generally enhanced during the Little Ice Age (1430–1850 C.E.; LIA)
compared to the Medieval Climate Anomaly (950–1250 C.E.; MCA)
(Fig. 3b). This result is confirmed by other studies documenting an
increased (decreased) flood activity during the LIA (MCA) in the
Alps8,16–18, but our data further documents distinct centennial-scale
natural variations in flood occurrence during these contrasting cli-
mate periods.

The observed relation between varying flood frequencies and cli-
matically different periods suggests synchronisms between intense
precipitation and temperature during the extended summer season.
Therefore, our flood chronology was compared to a tree-ring-based
summer temperature reconstruction for Central Europe21 (Fig. 3d).
The two independent paleoclimatic datasets correlate negatively at r
5 20.44 and 20.25 over the past 1300 and 2500 years, respectively.
Statistical tests indicate that this anti-correlation is significant
(Supplementary Fig. S2 online). In particular, the most distinct cool-
ing events revealed by the summer temperature reconstruction are
accompanied by high flood activity. Furthermore, 6 out of 7 major
advances of the Lower Grindelwald Glacier that is situated in the
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Figure 3 | Alpine flood reconstruction. (a), Flood chronologies of the ten studied lakes. Bars represent individual dated flood deposits. (b), Combination
of the ten individual lake records represented as a 50-year moving average of flood events. The resulting frequency values are normalized between no flood
activity (0%) and the maximal value (100%). The standard deviation is indicated with grey bars. (c), Historical flood reconstruction from Northern
Switzerland (50-year moving average, normalized between 0 and 100%)8. (d), Tree-ring-based Central European summer temperature reconstruction
(50-year moving average)21. (e), Major glacial advances reconstructed from the Lower Grindelwald Glacier (Northern Switzerland) indicated with
triangles22; grey area marks period of large Alpine glacial extension22. Blue shaded bars indicate periods of high flood frequency that correlate with lower
summer temperatures.
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N.B. Change in axis 
direction!

Decreased occurrence of 
westerly storm tracks during 
warmer summers decrease 
the frequency of flood events 
in the Alps but this pattern of 
less frequent intense 
precipitation events with 
warmer summers is regional 
in nature

Alpine flood frequency slightly 
higher in recent times

Summer Conditions
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• Stalagmites record gives 
indication of winter 
conditions 

• Dry(ish)/warm conditions 
→ high CO2 production 
→ limestone disolution 
→ increase stalagmite 
growth
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Baker, A., Hellstrom, J. C., Kelly, B. 
F. J., Mariethoz, G. & Trouet, V. A 
composite annual-resolution 
stalagmite record of North Atlantic 
climate over the last three millennia. 
Scientific Reports 1–8 (2015)
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Figure 4. Comparison (991 BCE - 2004 CE) of SUcomp (this study) with other proxy records of past 
NAO variability: a drought-sensitive tree-ring record from Morocco20, a drought-sensitive Sr stalagmite 
record from Morocco21, and a West Greenland ice core record17. All records were normalised over their 
full period of record and all records but the ice core record were inverted so that positive values reflect 
positive NAO conditions. The Moroccan stalagmite and ice-core records are not continuous and these 
series were smoothed with a cubic spline that closely reflects their average sampling interval (5 years 
for stalagmite data, 20 years for ice-core data). SUcomp was smoothed with a 20-year cubic spline (red 
and dark blue colors) to match the average resolution of the ice-core record. The most recent portion of 
SUcomp (orange and light blue colors) as well as the tree-ring record were smoothed with a 5-year cubic 
spline to match the average resolution of the Moroccan stalagmite record. The transition period (1430-
1500) between a positive NAO phase during the MCA and a negative NAO phase during the LIA is 
indicated by a yellow bar.
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• NAO influence is not uniform 
over Europe 

• +ve NAO  = above-(modern) 
normal temp across 
northern Europe and often 
below-(modern) normal 
temperatures across 
southern Europe and the 
Middle East.  

• Also associated with above-
normal precipitation over 
northern Europe and 
Scandinavia and below-
normal precipitation over 
southern and central 
Europe. 

The Climate of  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Büntgen, Ulf, et al. "2500 years 
of European climate variability 
and human susceptibility." 
Science 331.6017 (2011): 
578-582.

So…putting it all together

and previous references

• In general, climate cooler, 
frequently wetter but some major 
forcing events 

• Modern hydro-climatic variations 
may have at times been exceeded 
in magnitude and duration. 
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How has weather and  
climate shaped  
Classical history?
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Shaping history…

Attribution of major events to climate is difficult! 
but … 

• Stable climate conditions coincide with Hannibal’s crossing of the Alps and the 
eventual rise of the Roman Empire 

• Wet and warm summers occurred during periods of Roman and medieval prosperity.  
• Increased climate variability from ~250 to 600 C.E. coincided with the demise of the 

western Roman Empire and the turmoil of the Migration Period. 
Büntgen, Ulf, et al. "2500 years 
of European climate variability 
and human susceptibility." 
Science 331.6017 (2011): 
578-582.

McCormick, M. et al. Climate Change during 
and after the Roman Empire: Reconstructing 
the Past from Scientific and Historical 
Evidence. Journal of Interdisciplinary History 
43, 169–220 (2012).
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Final points…
• We cannot use a simplistic model of climatic 

determinism to explain cultural persistence, but… 
• Historically, human adaptation has happened slower 

than climate change 
• Even today, temperature depresses current U.S. 

maize yields by ~48% & warming since 1980 has 
elevated conflict risk in Africa by ~11%

Carleton, T. A. & Hsiang, S. 
M. Social and economic 
impacts of climate. Science 
353, (2016).
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What is the point of History?
“History doesn’t repeat itself, but it rhymes.”

From a climate science point of view:  
Looking at the past is a key component of helping us understand how to predict the future.   

It forms the basis of assessing our climate modelling capability.

From a more general view: 
… (over to you!)

Can we use our understanding of the past, to better ourselves today? 
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Thank you 
Any Questions?
hamish.steptoe@metoffice.gov.uk

mailto:hamish.steptoe@metoffice.gov.uk

