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At the beginning of the Medieval Climate Anomaly, in the ninth and tenth century, the medieval
eastern Roman empire, more usually known as Byzantium, was recovering from its early medieval
crisis and experiencing favourable climatic conditions for the agricultural and demographic growth.
Although in the Balkans and Anatolia such favourable climate conditions were prevalent during the
eleventh century, parts of the imperial territories were facing significant challenges as a result of
external political/military pressure. The apogee of medieval Byzantine socio-economic development,
around AD 1150, coincides with a period of adverse climatic conditions for its economy, so it becomes
obvious that the winter dryness and high climate variability at this time did not hinder Byzantine
society and economy from achieving that level of expansion. Soon after this peak, towards the end of
the twelfth century, the populations of the Byzantine world were experiencing unusual climatic
conditions with marked dryness and cooler phases. The weakened Byzantine socio-political system
must have contributed to the events leading to the fall of Constantinople in AD 1204 and the sack of
the city. The final collapse of the Byzantine political control over western Anatolia took place half
century later, thus contemporaneous with the strong cooling effect after a tropical volcanic eruption in
AD 1257.

We suggest that, regardless of a range of other influential factors, climate change was also an
important contributing factor to the socio-economic changes that took place in Byzantium during the
Medieval Climate Anomaly. Crucially, therefore, while the relatively sophisticated and complex Byzantine
society was certainly influenced by climatic conditions, and while it nevertheless displayed a significant
degree of resilience, external pressures as well as tensions within the Byzantine society more broadly
contributed to an increasing vulnerability in respect of climate impacts.

Our interdisciplinary analysis is based on all available sources of information on the climate and
society of Byzantium, that is textual (documentary), archaeological, environmental, climate and
climate model-based evidence about the nature and extent of climate variability in the eastern
Mediterranean. The key challenge was, therefore, to assess the relative influence to be ascribed to
climate variability and change on the one hand, and on the other to the anthropogenic factors in the
evolution of Byzantine state and society (such as invasions, changes in international or regional
market demand and patterns of production and consumption, etc.). The focus of this interdisciplinary
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study was to address the possible causal relationships between climatic and socio-economic change
and to assess the resilience of the Byzantine socio-economic system in the context of climate change
impacts.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the impact of climate in the society and economy of
the eastern Mediterranean and more specifically the Byzantine
world during the period known as the Medieval Climate Anomaly
(MCA, in this work AD 850e1300) is a challenging topic for scholars
from several scientific disciplines. This review aims to contribute to
the identification of relationships between climatic and socio-
economic changes. The achievement of these aims required a
detailed, interdisciplinary and comparative analysis that took
advantage of new evidence on medieval climate and society in
Byzantium and existing textual, archaeological, environmental,
climatological and climate-model based evidence. The hypotheses
developed in this review offer guidance for future research on
climate impacts and societal responses in the eastern Mediterra-
nean during medieval times.

Research on the climate of the Middle Ages intensified in the
1960s with the collection of historical accounts by Lamb (1965),
who documented an increase in the relative frequency of warm
episodes, primarily around the northern North Atlantic and
increased cold season precipitation in Britain during the medieval
period. Lamb wrote first of a Medieval Warm Epoch and later of a
Medieval Warm Period ending at ca. AD 1300. A large number of
studies on the temporal and regional expression of the Medieval
Warm Period for different parts of the world have followed since
Lamb's pioneering work. A comprehensive review of these studies
can be found in Hughes and Diaz (1994), Diaz et al. (2011) and
Graham et al. (2011). The term Medieval Climate Anomaly (MCA)
was later introduced by Stine (1994), who sought an explanation
for the century-long low stands of lakes in the western North and
South America. The subsequent adoption of the term Medieval
Climate Anomaly reflects the increased number of studies on the
climate of the medieval times since Lamb's publication. New ma-
rine and terrestrial climate proxy records with high temporal and
spatial resolution, and detailed modelling studies allow for a more
accurate and detailed research on the MCA in different parts of the
globe (e.g., Pfister et al., 1998; Bradley et al., 2001, 2003; Goosse
et al., 2006; Esper et al., 2007; Mann et al., 2009; Büntgen et al.,
2011; Graham et al., 2011; Ge et al., 2010; Guiot et al., 2010; Diaz
et al., 2011; Esper et al., 2012; Goosse et al., 2012; Roberts et al.,
2012; Guiot, 2012; Masson-Delmotte et al., 2013; PAGES 2k
Consortium, 2013; Neukom et al., 2014 and Chen et al., 2015).

Based on continental-scale surface temperature re-
constructions, the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC AR5) concludes with high
confidence that “multi-decadal periods during the Medieval Climate
Anomaly (950e1250) were in some regions as warm as in the mid-
twentieth century and in others as warm as in the late twentieth
century” and that “these regional warm periods were not as syn-
chronous across regions as the warming since the mid-twentieth
century” (Masson-Delmotte et al., 2013, pp. 386).

While a considerable body of terrestrial and marine palae-
oclimatic information on the MCA is available for the western and
central Mediterranean, temporally high resolved records are scarce
in the eastern Mediterranean (Luterbacher et al., 2012 and refer-
ences therein; McGregor et al., 2015; Gogou et al., in revision). The
E., et al., The Medieval Clim
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temporal coverage and resolution of the proxy records varies
significantly, and they reflect different climate signals (e.g., tem-
perature, precipitation, drought, sea-level changes, pH, seawater
temperature, water-mass circulation and others). Palaeoclimate
records show a seasonal bias due to physiological and physical
processes involved and their chronologies are often not well con-
strained (Luterbacher et al., 2012). The low spatial density and
heterogeneous distribution of the proxy records and their archive-
specific characteristics are still a major limitation for a compre-
hensive characterization of theMCA in the global and regional scale
and more specifically in the eastern Mediterranean (e.g., Finn�e
et al., 2011; Luterbacher et al., 2012; Kaniewski et al., 2012;
Roberts et al., 2012 and Bakker et al., 2013).

Palaeoclimate models enable studies of the driving dynamical
mechanisms that could lead to thermal or hydrological periods
deviating from mean climate conditions and are caused, for
example, by the influence of the ocean on the adjacent continents
or by changes in atmospheric circulation patterns. Analysing
palaeoclimate records and models together allows for the evalu-
ation of past climate transitions and the assessment of forcing and
feedback mechanisms. In return, climate model simulations can
contribute to the interpretation of potential causes of variations
observed in the palaeoclimate data. In this context, recent
modelling studies have already indicated the very heterogeneous
patterns that prevailed during the MCA, related to i) different re-
gions, ii) various investigated climate models and iii) different
timings and seasonality of the main phases of the MCA (e.g.,
Graham et al., 2011 and Fern�andez-Donado et al., 2013, among
others). In order to interpret the spatial heterogeneity of the MCA
climatic patterns, changes in external forcings (solar and volcanic
activity) as well as changes in the internal modes of climate
variability (related to the atmospheric circulation, such as Arctic
Oscillation, North Atlantic Oscillation, or the coupled atmospher-
eeocean patterns, e.g., Atlantic Multidecadal Oscillation) need to
be taken into account, especially on the sub-continental to
regional scale (e.g., Goosse et al., 2006; Graham et al., 2011 and
Goosse et al., 2012). Moreover, compared to the subsequent period
of the Little Ice Age, the influence of strong and sustained changes
in external forcings, such as great solar minima or large tropical
volcanic eruptions, are found to be rather small (e.g., Goosse et al.,
2012; Euro_Med Consortium, in revision). Regional climate model
simulations (e.g., G�omez-Navarro et al., 2013) can be used to
investigate how the suite of external forcings might influence
changes in the regional climate. Such analysis is, however,
complicated by various sources of uncertainty, including un-
certainties in the reconstruction of the external forcings, the
coarse resolution of climate models, and the parameterizations of
certain processes due to simplifications used within the climate
models (G�omez-Navarro et al., 2013). Ensemble simulations,
driven by the same forcing parameters and the same climate
model, enable the characterisation of the bandwidth of the inter-
nal climate anomalies due to different trajectories, caused by the
slightly different initial conditions, in the individual ensemble
members. The term “anomalies” is used here for deviations from a
reference period, i.e. with respect to the twentieth century or the
period AD 1500e1850.
ate Anomaly and Byzantium: A review of the evidence on climatic
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In recent years efforts have been made to assimilate empirical
information into climate models (Widmann et al., 2010). To date
this is however only achieved for Earth System Models of Inter-
mediate Complexity (Goosse et al., 2012) and only very few studies
like Jones and Widmann (2004) try to implement this into an at-
mosphere only general circulationmodel (GCM) to nudge the Arctic
Oscillation towards a specific state. A recent study by Matsikaris
et al. (2015) uses an on-line and off-line data assimilation of con-
tinental PAGES2k reconstructions for the Maunder Minimum.
Other approaches try to implement data assimilation for climate
field reconstructions in the context of pseudo proxy experiments
(Steiger et al., 2014). One advantage of assimilated simulations is
that they carry some degree of information about the true climatic
evolution given that the assimilated proxy time series include
sufficient climate-related (i.e., temperature or precipitation) vari-
ance. Conventional free simulations like the ones used in this study
allow investigations of the full spectrum of different climate states
given a certain set of external forcings. Also the comparison be-
tween the GCM output and the proxy data can be carried out on an
independent basis allowing a more rigorous testing of the climate
models.

Culturally and geo-politically the Byzantine empire was simply
the reduced eastern part of the Roman empire that continued in
existence as a major political power after the disappearance of the
western parts of the empire during the second half of the fifth
century. After the catastrophic events that the Byzantine empire
experienced in the later sixth and seventh centuries AD, including
the loss of the Levant (by AD 638), Egypt (by AD 642) and North
Africa (by the AD 690s) to the Arabs, of most of the Balkans to the
Slavs and Avars (over a longer period, AD 580seAD 640s), and of
much of Italy to the Lombards (from the AD 580s into the early
eighth century), it struggled to survive in the face of the Arab threat
in particular (Haldon, 1997). From the early ninth century, however,
a period of relative internal political, fiscal and military stability set
in. The Byzantine empire while reduced to a rump of its former
territories in the northern part of the eastern Mediterranean, was a
stable and expanding society with a thriving economy and complex
political-cultural institutions, as well as a societal organisation
among the most sophisticated achieved by pre-modern societies
(Haldon, 1993). The Byzantines produced a considerable body of
written and material evidence that permits to investigate the po-
tential societal impacts of climate variability for a period of pros-
perity of the Byzantine empire between the ninth and twelfth
century AD in close detail. The key dates for medieval Byzantine
history are presented in Table 1.

The empire slowly consolidated its power over Anatolia and
what is now Greece, a process that accelerated in the second half of
the ninth century after the accession of Basil I (AD 867e886) to the
throne. Basil was the founder of the so-called Macedonian dynasty,
which ruled for more than 150 years until the middle of the elev-
enth century, during which period the empire achieved enormous
success in military terms, recovering many former eastern
Table 1
Key dates in the history of Byzantium, AD 800e1300.

Year AD Key events and reigns

838 Sack of Amorion (central Anatolia
867e886 Basil I, founder of the Macedonian
962e965 Cilicia conquered by Nicephorus I
972e975 Byzantines invaded Syria and Pale
976e1025 Basil II, conquest of Armenia and
1071 The Seljuk Turks defeat the Byzan
1081e1118 Alexios I Komnenos; reconquest o
1204 The Fourth Crusade and the fall o
1261 Byzantines from Nicaea recapture
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provinces and extending its borders to take in Antioch (northern
Syria) and Armenia. The empire achieved its largest territorial
extent during the years immediately following the death of Basil II
(AD 976e1025, Cheynet, 2004). It was also during the period of
dominance of this dynasty that the long process bywhich the social
�elite of the empire transformed into an aristocracy was completed.
Of a predominantly military character, its power rivalled that of the
central government and court, although it was seldom united in
opposition (Cheynet, 2000; Haldon, 2009a). A period of internal
political conflict set in during the AD 1030s, exacerbated by fiscal
problems, factional conflict within the �elite, and new military
pressures on several fronts from the Normans in the west, Peche-
neg nomads in the Balkans, and the Seljuk Turks in eastern Ana-
tolia. The defeat at Mantzikert in AD 1071 proved to be a turning
point, less because it led directly to Turkish conquest, but rather
because it immediately sparked a civil war that effectively
destroyed the eastern Roman military and political cohesion and
resistance. Alexios I Komnenos (AD 1081e1118) was able to stabi-
lize and begin to reverse the situation, notably through effective
military and diplomatic action as well as through a series of fiscal
and administrative reforms. The rule of his successors from the
dynasty of the Komnenoi was initially successful, ensuring a period
of peace and stability, at least in Greece and the wider Aegean re-
gion. While the empire reached a political nadir by the AD 1080s, a
remarkable recovery followed, culminating in the middle of the
twelfth century under the emperor Manuel I (AD 1143e1180),
before a final collapse led to the sack of Constantinople in AD 1204
and the establishment of a Latin empire (see Table 1 for further
details). Even though the Byzantines managed to reconquer their
capital in AD 1261, they did not succeed in reviving the empire in its
pre- AD 1204 shape. Most of the evidence on economic perfor-
mance and societal change in Byzantium comes from the Aegean
and the neighbouring regions of Bulgaria and western Anatolia
(Koder, 1984; Laiou, 2002; Laiou and Morrisson, 2007 and Sections
2 and 3 below) that also form the geographical focus of this review
(Fig. 1). The chronological scope of this work, ca. AD 850e1300,
begins with the recovery of the Byzantine state and economy after
the early medieval crisis noted above (Haldon, 1997; Haldon et al.,
2014; general surveys of the relevant periods in Jeffreys et al., 2008)
and ends with the period that followed the fall of Constantinople,
the imperial capital, in AD 1204 to the Latin armies of the Fourth
Crusade. In this work, MCA coincides very broadly with the middle
Byzantine period (ca. AD 800eca. 1200, as currently defined in the
archaeological literature) and the beginning of the climate models
simulations.

The paper is structured as follows: Section 2 introduces poten-
tial climate impacts on Byzantine society and economy and is fol-
lowed by Section 3 and the elaboration of the quantitative data on
the economic performance of the middle Byzantine period. In
Section 4, recent climatic conditions of the study area are briefly
presented, with the aim of providing information on the spatial
climate variability of the northern part of the eastern
), the last of the serious Byzantine defeats at the hands of the Arabs
dynasty and the initiator of a major legal reform

I
stine under the command of the emperor John I Tzimiskes
Bulgaria, the height of the Byzantine political power
tines at Mantzikert, civil war leading to loss of much of Anatolia
f most of Western Anatolia; political stability regained
f Constantinople to the Latins; political disintegration of the empire
d Constantinople under Michael VIII Palaiologos
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Fig. 1. Sites and regions providing evidence on the performance of the medieval Byzantine economy. Locations of proxy records, study sub-regions. Area considered for the climate
models analysis.
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Mediterranean together with palaeoclimate records and model
simulations, so that the medieval climate at the regional scale can
be assessed in comparison with historical and archaeological in-
formation. Finally, hypotheses about potential impacts of climate
variability during the medieval times on Byzantine society are
discussed in an interdisciplinary analysis.

2. Potential impact of climate and its variability on the
Byzantine state and economy during medieval times

Byzantium was primarily dependent on agriculture (Harvey,
1989; Kaplan, 1992; Lefort, 2002) and therefore vulnerable to
fluctuations in climatic conditions. Consequently, the analysis car-
ried out in the next sections focuses on agricultural production
during the middle Byzantine period. Table 2 presents the most
important Byzantine crops. These crops either formed a substantial
portion of the diet (cereals) of the Byzantines or functioned as
Table 2
Important crops for the Byzantines. Key seasons and threateningweather conditions and t
1829; Geoponica, ed. Beckh, 1895; Harvey, 1989; Kaplan, 1992; Tous and Ferguson, 1996;

Crop Key season Weather conditions ensuring
good harvest

Threaten
conditio

Cereals
(wheat, barley)

NovembereApril
(Aegean and Black
Sea regions);
MayeJune (central
Anatolia)

Regular, adequate spring
rainfall; soil moisture recharge
during winter (snow melt) in
dry farming areas

Prolong
drought
heat str

Vine AprileSeptember Sunny summers Spring h
heat; lat

Olive AprileDecember Dry climate; adequate spring
rainfall

Prolong
(below �
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primary traded goods (e.g., vine, olive). Byzantine and modern
agronomic literature provide information on key seasons and
weather conditions for agricultural production. The most relevant
key seasons for the cultivation, harvest volume, and quality of the
crops are considered in the proxy- andmodel-based analysis for the
medieval period in Section 4.

2.1. Cereal cultivation

The key cereals in Byzantine agriculture were wheat and barley,
although rye and millet were also cultivated. Cereals were one of
the major elements of the agricultural regime and any larger-scale
expansion of rural settlement necessarily involved their cultivation
(Stathakopoulos, 2004) as they provided 40e50% of the annual
calorific intake of a typical Byzantine diet (Kaplan,1992, pp. 25e32;
Bourbou et al., 2011). Poor cereal harvests e especially when
repeated within a short period of time e could lead to subsistence
heir role in society. Information derived from: Psellus, Peri georgikon, ed. Boissonade,
Bourbou et al., 2011; see the following paragraphs for a full discussion.

ing weather
ns

Role in society Impact of adverse climate
conditions

ed winter, spring
, early summer
ess

Basis of diet
(40e50% annual
calorie intake)

Subsistence crisis, social
instability

oar frost; summer
e summer rain

Wine widely traded;
local, regional
specialisation in vine
cultivation

Local- or regional-scale
economic crisis

ed frost in winter
10 �C)

Olive oil consumption
by all strata of society;
local, regional specialisation

Local- or regional-scale
economic crisis

ate Anomaly and Byzantium: A review of the evidence on climatic
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crises on a regional or even larger scale. In such contexts, the state
would draw less tax income from agricultural produce and such
cases were sometimes associated with social upheaval accompa-
nying food shortage.

Byzantine textual sources emphasise the importance of regular
rainfall from November until April for cereal farming, and in
particular of the late autumn rains (Psellus, Peri georgikon, ed.
Boissonade, 1829, and Geoponica, ed. Beckh, 1895, I 5; cf. Teall, 1971
on Geoponica). Cereal fields were usually harvested in June or July
(Kaplan, 1992, pp. 56e61). Yields were dependent on adequate rain
during the spring growing season as well on weather conditions
during the sowing in autumn. Wet and warm conditions before the
oncoming winter would be effective for the seed germination and
good vernalisation (Geoponica, ed. Beckh, 1895, II 14).

2.2. Vine and olive cultivation

Wine was popular among all strata of Byzantine society, widely
traded and probably the most attractive cash crop during the
Middle Ages. Little is known in detail of the operation and daily
management of such estates, although evidence from magnate
wills, from later monastic archives, especially for the period from
the eleventh century on, and occasional references to matters of
estate management in letters give some indication (Frankopan,
2009 and relevant sections in Laiou, 2002 and Laiou and
Morrisson, 2007). Entire estates, villages or even small regions
specialised in wine production (Harvey, 1989, pp. 146e147 and
Kaplan, 1992, pp. 69e73). Representing only 5e10% of the total
calorific input, a bad grape harvest could not lead to a subsistence
crisis. On a shorter time scale (i.e., 3e5 years), however, poor grape
harvests could affect an estate owner, a farmer or a region that
relied economically on wine production. Recurring poor harvests,
over a longer period of time (i.e., 10 years) and over a wider region
could lead to a significant transformation of the agricultural regime,
pressure on the social structure of a region, and likely to economic
decline. Byzantine farmers were fully aware of the importance of
climatic conditions for the cultivation of vine, in particular of the
role that sunshine in combinationwithmoderate temperatures had
in achieving a good harvest (e.g., Geoponica, ed. Beckh, 1895, V 4,
VII 1). A major threat that could lead to a complete loss of the
annual grape harvest was the occurrence of hoar frost late in the
spring. Other factors that influenced harvest outcomes included the
excessive summer heat and the late summer rain that affect grapes
and consequently the quality of wine (Geoponica, ed. Beckh,1895, V
36 and 43, 3).

Like wine, olive oil was an important element of the Byzantine
diet, and it had some share in the total calorific input. It was also
traded on a relatively large scale and estates or villages often spe-
cialised in olive cultivation (Lefort, 2002; Mitchell, 2005). Accord-
ing to documentary evidence, olives grow best in a dry climate
(Geoponica, ed. Beckh, 1895, IX 3). Interestingly, information on
unfavourable weather conditions for olive cultivation is found only
in Byzantine narrative sources (Telelis, 2008), but not in the agro-
nomic literature. A prolonged period of temperatures below�10 �C
can, however, substantially damage olive trees (Tous and Ferguson,
1996). But it is likely that such conditions were not considered as a
major threat to regions where the olive was grown, and that their
perceived frequency was much lower than weather events that
were dangerous to viticulture.

2.3. Weather variability, agricultural output and tax income

The tax income of the Byzantine state was directly linked to
agricultural output on a medium-term basis (decades). Several
taxes were calculated according to the size of households, or the
Please cite this article in press as: Xoplaki, E., et al., The Medieval Clim
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number of animals owned by a taxpayer. However, the key source
of the state's income was the land tax which was calculated on
the basis of the soil quality and the type of cultivated crop
(Harvey, 1989, pp. 102e113 and Oikonomid�es, 1996, pp. 42e121).
In the ninth century AD, this tax provided the greater part of the
state's income (Morrisson, 1991; Oikonomid�es, 1996, pp. 24e41).
A single year or a sequence of very bad years could result in
difficulties for taxpayers and, consequently, social tensions and a
reduction in fiscal income. The state sometimes acknowledged
such unusually low annual or multi-annual yields, and the
resultant inability of the taxpayers to pay their dues, or even the
malnutrition and hunger of the peasants. In such cases, sub-
stantial tax exemptions could be granted, such as during the great
famine of AD 928 (Kaplan, 1992, pp. 461e462; Morris, 1976). In
addition, from the tenth century AD the state progressively
became the largest secular estate owner and, along with the
church, organised directly the cultivation of its own lands
(Oikonomid�es, 1991), thus becoming itself directly vulnerable to
lower yields.

3. Evidence on the economic performance of Byzantium (AD
850e1300)

The economic history of Byzantium during the MCA can be
studied making use of a wide range of evidence (Fig. 1, Table 3).
Historical (textual) sources contain qualitative information about
long-term changes of the economic situation. Quantitative data
originate from archaeological and palaeoenvironmental research
conducted on specific sites in the Balkans and Anatolia (Fig. 1).
Archaeological field surveys and excavation data provide informa-
tion on i) numbers and values of coins found on sites and ii)
numbers of sites per period within a surveyed region. In this way,
archaeology offers direct data on the changes in the intensity of
monetary exchange that took place in the cities and in the density
of settlements in the countryside.

Among the palaeoenvironmental evidence, pollen records from
different parts of the medieval Byzantine world are the most
important source of information about local and regional agricul-
tural activity. Changes in the proportions of pollen of anthropogenic
plants, such as cereals, vine, and olive, provide information about
the vegetation structure of a given area in the past and thus can be
used as some indication of the scale of the agricultural activity
around a given site (Eastwood, 2006; Bottema andWoldring, 1990),
in addition to the climate information that the pollen data also
contain (e.g., Barboni et al., 2004; Brewer et al., 2007; Li et al., 2008;
Luterbacher et al., 2012 and references therein and Kaniewski et al.,
2013, 2014).

All these data provide information about phenomenawithin the
medieval Byzantine economy (monetary exchange, demographic
growth, agricultural activity), but they do this in different ways and,
most importantly, with different temporal resolutions. Textual ev-
idence on economic activity gives only a very approximate
impression of the economic trends and, consequently, only longer-
term developments can be considered. Coins are dated either by
the regnal years or, at a much lower resolution, by the reigns of
individual emperors. Such data has a temporal resolution of
approximately 50 years, as is visible in Fig. 2. Data on rural settle-
ments are based on the chronologies of pottery that do not usually
allow a temporal span of less than a century, and remain contro-
versial (Vroom, 2005). Finally, the pollen data we use here are often
characterised by a relatively low temporal resolution, except for the
rare cases of annually-laminated sediments which can be directly
compared with specific historical events (e.g., England et al., 2008).
This is due to the rather limited number of radiocarbon dates and
low sampling resolution in the case of most of the pollen profiles
ate Anomaly and Byzantium: A review of the evidence on climatic
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Table 3
Types of evidence available for the study of Byzantium's economic performance.

Type of evidence Phenomena recorded Economical relation Character of information Chronological precision

Historical e narrative Taxation system, social relations, long-term
economic situation

Usually indirect Qualitative Approximate, long-term
(100e300 yrs)

Historical e archival Population, cultivated lands, agricultural
production structure, scale

Often direct Qualitative &
quantitative

Ca. 10e50 yrs when
quantified

Archaeological e coin finds Monetary circulation on a given site/region Direct Quantitative Regnal periods,
ca. 10e40 yrs

Archaeological e sites numbers Regional, settlement intensity, population
levels (indirectly), cultivation scale

Rather indirect Quantitative 100e300 yrs

Palaeoenvironmental e palynology Regional, relative changes of anthropogenic plants Direct Quantitative 100e200 yrs

Fig. 2. Changes in monetary circulation on urban sites in selected regions of the
Byzantine empire (AD 850e1300). The diagram presents regional averages of nor-
malised frequencies of coin finds per year divided into periods determined by regnal
years in excavations from each region. Southern Greece: Athens and Corinth
(Morrisson, 1991); Western Anatolia: Aphrodisias, Ephesus, Pergamum and Priene
(Morrisson, 1991, 2002: Fig. 6.1); Eastern Bulgaria: Preslav and Tyrnovo (Morrisson,
2002: Figs. 6.12 and 6.13); Western Bulgaria: Pernik (Morrisson, 2002: Fig. 6.11).
Values were transposed into positive numbers by subtracting the minimal average
value in each region from the average values of all periods (the earliest period, AD
811e886, was characterised by the minimal value).
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from our study area (Luterbacher et al., 2012 and references
therein; Izdebski et al., 2015).

3.1. Historical evidence: changes in the general economic situation

Hendy (1970, 1989) was the first who suggested that the elev-
enthetwelfth century constituted a climax in the economic history
of Byzantium. Harvey (1989) further demonstrated the increase in
the monetisation of the Byzantine economy during the tenth to the
twelfth century. This development is also evident in the growing
complexity of the monetary system and the new smaller de-
nominations that facilitated the use of money also for everyday
transactions and indicate clearly a governmental awareness of the
market function of the coinage (Harvey, 1989, p. 89, Hendy, 1970;
Morrisson, 1976, 1991, 2002). Harvey (1989) also argued that the
changes in the way that tax was collected and the increase in the
amount of collected taxes were possible only if the Byzantine
economy was expanding (Harvey, 1989, pp. 90e102). Moreover, the
Byzantine state in the period ca. AD 1000eca. 1200 was relatively
rich when compared to previous centuries (Morrisson, 1991).
Finally, the period from the tenth to the twelfth and possibly even
the fourteenth century was characterised by continuous de-
mographic growth in the Byzantine Balkans and Anatolia (Harvey,
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1989). Documents also suggest that the total cultivated area on
these estates was steadily expanding throughout the tenth to
twelfth century (Harvey, 1989, pp. 47e58). Harvey's hypotheses
regarding the demographic history of Byzantium were supported
by Lefort (1985, 1991) and his studies on Macedonia from the tenth
to the fourteenth century.
3.2. Archaeological data: regional demographic and economic
histories

3.2.1. On-site coin finds: the monetary circulation
The analysis of the frequency of coins per year from securely-

dateable archaeological contexts (Metcalf, 1960 and Morrisson,
1991, 2001, 2002) is considered to represent the intensity of mon-
etary circulation that was taking place on a given site. The circu-
lation period of each coin can be assumed to be around two to three
decades and is based on the regnal years of the emperor who issued
the coin (Morrisson, 1991, pp. 299e301). Furthermore, changes in
the frequency of coin finds per year are one indicator of the degree
of expansion and contraction in the local economy, and it is
important to note that coin finds from archaeological or survey
contexts are almost exclusively of the bronze coinage, i.e., the
lowest denominations, those used in everyday transactions
(Harvey, 1989, pp. 86e87). It is, therefore, possible to make tem-
poral connections between on the one hand the expansion and
contraction of monetary exchange in a given region based on the
incidence of numismatic material from urban sites (Fig. 1), and on
the other the political, social and potential climatic impacts. Fig. 2
presents the changes in monetary circulation in different parts of
Byzantium. The intensity of monetary exchange increased from the
ninth century in southern Greece and western Bulgaria, while a
considerable delay is evident for western Anatolia (Fig. 2). A
decrease in monetary circulation after AD 1081 is characteristic for
almost the entire empire. The second half of the twelfth century is a
period of renewed expansion of monetary exchange everywhere
across the Byzantine world, whereas a period of substantial
contraction starts after AD 1200. At the same time, eastern Bulgaria
shows a contrasting positive trend in the thirteenth century (Fig. 2)
and it forms the core of the flourishing Second Bulgarian empire
(Ritter, 2013). A contraction of monetary circulation is observable
on sites associated with the Byzantine economic exchange system,
which underwent deep fragmentation after AD 1204 (Laiou and
Morrisson, 2007, pp. 166e230).
3.2.2. Field surveys: changes in settlement intensity
Regional surveys, in particular intensive ones that involve field

walking, provide quantitative information about the intensity of
rural settlement within the surveyed area. Such data more or less
directly represent the number of sites that were inhabited within
the surveyed region at a given period. Importantly, the periods vary
from one survey to another, and the chronological precision of an
ate Anomaly and Byzantium: A review of the evidence on climatic
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Fig. 4. Relative changes in population numbers in eastern Macedonia (Fig. 1) as
compared to the early twelfth century population levels.
Source: Lefort (1991: Tables 1, 2, 4).
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archaeological survey depends on its ability to deal with the me-
dieval ceramic finds, which provide the basis for the dating of site
occupancy. Thus, there are several surveys which do not differen-
tiate between the different sub-periods within the Middle Ages
(such as early or late medieval periods, e.g., Davis et al., 1997 and
Koukoulis, 1997) or where their period definitions are too broad to
provide valuable information about the changes in the economy or
demography of a particular region Byzantine society throughout its
history (e.g., Tartaron et al., 2006). Only three surveys, two focused
on the eastern Peloponnese (Hahn,1996, Armstrong, 2002) and one
on the central Greek region of Boeotia (Vionis, 2008), provide
quantitative information on how the regional rural settlement
expanded and contracted throughout the middle Byzantine period
(Fig. 3).

The agricultural and settlement growth that started in the tenth,
and possibly from the second half of the ninth century, continued
without major interruption until it culminated in southern Greece/
Peloponnese in the twelfthethirteenth century. Interestingly, from
the thirteenth century onwards the southern and northern parts of
Greece seem to have experienced different trajectories of de-
mographic and economic change (Figs. 3 and 4). The decline in
southern Greece/Peloponnese appears to have started already in
the thirteenth century (Fig. 3), whereas in eastern Macedonia, the
population levels decreased only from the second half of the
fourteenth century (Fig. 4).

Unfortunately, to date, there is no evidence of this kind from
Anatolia. While the picture is slowly changing, archaeological sur-
veys conducted in Turkey have often been either uninterested in
the medieval Byzantine period or have used period definitions that
are too broad to be informative (e.g., Vanhaverbeke and Waelkens,
2003 and Matthews et al., 2009). Nevertheless, there are a few
studies suggesting that at least in some parts of Anatolia there did
exist at least a flourishing middle Byzantine countryside. These
data come from Galatia (central Anatolia, Anderson, 2008), Lycia
(SW Anatolia, Kolb, 2008), and Milesia (Aegean coast, Müller-
Wiener, 1961 and Lohmann, 1995).

3.2.3. Palynological data: trends in agricultural production
The use of palynological data for the study of economic and

social Byzantine history has increasingly attracted the interest of
historians of Byzantium (Haldon, 2007, Izdebski, 2013). Pollen sites
are located in most regions of the Byzantine world, in Greece,
Bulgaria and in several parts of Anatolia (Fig. 1). An important case
study is the annually laminated Nar G€olü Lake that is located in
central Anatolia (England et al., 2008). Up to the present, almost 40
Fig. 3. Changes in settlement density in central and southern Greece/Peloponnese
according to archaeological survey evidence. Increased site density reflects higher
population numbers and more intensive land use in the surveyed area. Laconia:
southeastern Peloponnese (Armstrong, 2002); Berbati-Limnes: northeastern Pelo-
ponnese (Hahn, 1996); Boeotia: central Greece (Vionis, 2008: Fig. 13).
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sites in the Balkans and Anatolia have been discovered to have
pollen samples that offer data pertaining to the Middle Ages
(Izdebski, in press). Izdebski et al. (2015) synthesised this corpus of
palynological evidence and provided regionally-weighted averages
of the proportion of individual pollen taxa in the pollen sum of
subsequent samples for selected regions in the Balkans and Ana-
tolia (details on the applied method can be found in Izdebski et al.,
2016). This approach permits the assessment of long-term changes
in the vegetation structure of the Byzantine Balkans and Anatolia,
fromwhichwe can infer trends in the agricultural activity in each of
the regions studied. In this review, we present only the regional
averages for cereal pollen from selected areas (Fig. 5). The curves
presented here include Cerealia-type pollen as well as Triticum,
Secale, Hordeum and Avena in the rare cases of those sites where
their data distinguish between these pollen types. This means that,
to some extent, our curve may also reflect pollen of wild grasses
whose pollen grains are similar to those of cereals. Nevertheless, in
the case of a comparatively complex socio-economic system such
as that of the Byzantine empire this problem does not distort the
relatively accurate picture of agricultural trends one can obtain
from the regional pollen averages (Izdebski et al., 2015, 2016).

Based on the available data, agricultural expansion in the me-
dieval Byzantine world has started in southwestern Anatolia
around AD 850. At a slower and nearly synchronous pace the
process began in Inland Pontus. In the Balkans, expansion of cereal
cultivation is visible in central Greece and eastern Bulgaria after ca.
AD 900, while in the highlands of western Macedonia (Fig. 5) the
growth began as late as ca. AD 1100.Whereas agricultural growth in
the Balkans continued until AD 1300, in Anatolia an agricultural
Fig. 5. Relative average proportions of cereal pollen in selected regions of the Balkans
and Anatolia. Annual values have been standardised with respect to the period AD
800e1300.
Source: Izdebski et al. (2015).
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decline set in after ca. AD 1050/1100. These dates are estimates, as
they depend on the ageedepthmodels of individual sites, which for
the last two millennia are usually based on 2e3 radiocarbon dates
(Izdebski et al., 2015; for further discussion of the chronological
issues, see Izdebski et al., 2016).

4. Climate

4.1. Climatology of the Byzantine lands

The Byzantine empire lies in a transitional zone, the greater
Mediterranean Basin, between the deserts of North Africa and the
Middle East, and central and northern Europe. The area is influ-
enced by both subtropical and mid-latitude processes, as well as by
large scale mechanisms acting upon the global climate system
(Xoplaki et al., 2003 and Ulbrich et al., 2012 and references therein).
In combination with the complex topography and the Mediterra-
nean Sea, which is an important source of energy andmoisture, this
leads to the existence of a variety of climate zones across a rela-
tively small area.

Two key seasons (OctobereMarch and AprileSeptember) rele-
vant to the main Byzantine crops are analysed in this section (see
Section 2). The extended winter (OctobereMarch) coincides with
the Mediterranean wet season and especially for the eastern basin
it contributes the greater part of the annual precipitation totals
(from 50% to over 90%, Xoplaki et al., 2004). The spatial pattern and
standard deviation of temperature and precipitation over the me-
dieval Byzantine lands are presented for extended winter and
summer for the reference period 1951e1980, together with their
temporal variability since the mid-twentieth century (1951e2014),
in Figs. 6 and 7, respectively. The two half-year seasonal tempera-
ture and precipitation trends have been assessed and tested for
statistical significance using the non-parametric Theil-Sen esti-
mator (Sen,1968) and theManneKendall test (Mann,1945, Kendall,
1975). The land-only E-OBS analyses v10.0 (Haylock et al., 2008,
updated) on a 0.25� horizontal spatial resolution is used. Anomalies
are based on the reference period 1951e1980 for both variables.

A temperature gradient between coastal and inland areas
characterises the study region (Fig. 6), with lower values (3e9 �C)
being not only a function of the more northern latitude but also
reflecting the complex orography (altitude). Mean extended winter
temperatures below 3 �C or even below freezing point are only
found at higher altitudes. The largest variability in terms of stan-
dard deviation can be found over the northeastern part of the study
area and central Turkey.

During the period 1951e2014, the extendedwinter temperature
displays a relatively high variability with an upward trend (though
not statistically significant) during the second half of the period
studied. During thewet season (extendedwinter), the precipitation
pattern (Fig. 6) shows a high spatial variability. The western coasts
of Greece and Turkey receive more than half-meter of rainfall and
show the highest temporal variability, while much lower totals are
observed over the rainshadow areas, the leeward side of the
mountains over eastern Greece and central Anatolia. High vari-
ability in OctobereMarch precipitation can be also seen during the
recent past decades, in spite of the observed drying of the area (see
also Xoplaki et al., 2004; Toreti, 2010 and Toreti et al., 2010). The
decreasing trend of extended winter precipitation of �10 mm/
decade is statistically significant (p-value less than 0.01).

The coastal areas-inland temperature gradient is evident also
during the extended summer season (Fig. 7) and is strongly influ-
enced by the orography. Mean temperatures range from 9� to over
23 �C. AprileSeptember temperature generally shows smaller
temporal variation compared with the cool season. The highest
variability (1 �C) is found again for the north-eastern part of the
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eastern Mediterranean. Statistically significant summer warming
trends (0.13 �C/decade) over the last decades (Fig. 7), as well as
temperature extremes and heat waves have been reported for the
area (Kuglitsch et al., 2010, Ulbrich et al., 2012). It should, however,
be noted that the time series has a change point in 1983. Lower
rainfall amounts characterise the warm season (Fig. 7), as well as a
smaller temporal variability. During the warmest months (June-
eAugust), precipitation amounts largely reflect convective activity
connected with thunderstorms. The temperature and precipitation
patterns during both extended winter and summer show high
spatial and temporal variability, which is characteristic for the area
and thus suggest the complexity of the impacts that might be
connected to changes in climate conditions.

4.2. Palaeoclimate evidence for the medieval Byzantine region

4.2.1. Documentary, textual evidence
Literary palaeoclimatic evidence from Byzantine texts remained

rather unexplored for palaeoclimate research until the early 2000s
(Telelis, 2004). Early works of “weather compilations” such as
Hennig (1904), Easton (1928) and Weikinn (1958) did, however,
include citations of accounts from some scattered Byzantine sour-
ces. But the need for a more comprehensive and systematic
collection and analysis of information from Byzantine texts that
could be relevant to climate in the past was emphasised by Croke
(1990) as well as Chrysos (Telelis and Chrysos, 1992).

Telelis (2000, 2004, 2005 and 2008) presented a catalogue of
textual palaeoclimate evidence derived from a wide variety of
Byzantine sources, along with a detailed analysis of the methodo-
logical issues accompanying the use of such data. The advantages of
these data are their high temporal resolution, the disentanglement
of the temperature and precipitation, the coverage of all months of
the year, and the high sensitivity to anomalies and natural hazards
(Xoplaki et al., 2001). However, descriptive textual proxy data are
usually discontinuous and heterogeneous, while various socio-
cultural parameters may affect the perception of the observers
and add a bias to the inclusion or exclusion of climatological in-
formation in the texts (Pfister et al., 1994; Br�azdil et al., 2005 and
Telelis, 2005, 2008). Furthermore, despite the wealth of the
Byzantine literary tradition, climate-related accounts from Byzan-
tine sources are rare (Telelis, 2008). Both the narrative content of
palaeoclimate information, and its qualitative character do not
allow the application of sophisticated statistical methods or the
deduction of monthly indices of temperature/rainfall (e.g., Br�azdil
et al., 2005 and references therein) for medieval palaeoclimatic
reconstructions (Telelis, 2008).

The data collection by Telelis (2004, 2008) is presented with a
spatial distribution of each 50 year sub-period within the MCA.
Fig. 8 shows the historical-climatological information from the
Byzantine sources with monthly, seasonal and annual resolution
for the corresponding locations and years. Information with a
higher temporal resolution is disregarded, while conventional
seasons (winter: DecembereFebruary, spring: MarcheMay, sum-
mer: JuneeAugust, autumn: OctobereNovember) are used. Most of
the information corresponds to extreme climatic conditions, with
few exceptions referring to “normal” or “mild” conditions.
Furthermore, a higher concentration of the Byzantine sources is
evident for Constantinople and the adjacent areas.

Most of the historical-climatological information from Byzan-
tine sources reports a higher frequency of cold or extremely cold
months/seasons for the periods AD 901e950, AD 1051e1100 and
AD 1251e1300. Very warm events are rare in the collected data,
with two records for each of the periods of AD 851e900 and AD
951e1000. A larger number of rainy periods is reported for AD
951e1000 and AD 1051e1100, while a higher frequency of drought
ate Anomaly and Byzantium: A review of the evidence on climatic
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Fig. 6. Extended winter (OctobereMarch) (a) mean temperature field (�C, over the period 1951e1980) and temporal changes during the period 1951e2014 (deviations from the
1951e1980 winter mean) and (b) mean precipitation amount field (mm, over the period 1951e1980) and temporal changes during 1951e2014 (deviations from the 1951e1980
winter mean). Black contours represent the standard deviation for each variable for the period 1951e1980. Data stem from daily E-OBS analyses v10.0 with 0.25� � 0.25� spatial
resolution (Haylock et al., 2008, updated). Anomalies (deviations) and standard deviation are calculated with respect to the 1951e1980 reference period.
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events are found during AD 1001e1050 and AD 1051e1100. A
sequence of drought periods is reported for Constantinople and
adjacent areas in AD 1025e1040 (Fig. 8).

4.2.2. Natural proxies
The number of records providing detailed information on cli-

matic fluctuations during the period ca. AD 850e1300 in the
eastern Mediterranean is small (Fig. 1). Precisely-dated and highly-
resolved (<10 years) records are needed to identify key regional
patterns of climatic anomalies during medieval times and their
differences to the twentieth century (Diaz et al., 2011; Euro_Med
Consortium, in revision). Moreover, high spatially and temporally
resolved multi-proxies are required to constrain the temporal and
spatial variability of the medieval climate. Furthermore, multi-
proxies in combination with model simulations allow the estab-
lishment of links between climate variability and societal changes
in Byzantium.

A high resolution sediment multicore M2, retrieved in 2010
from the northern Aegean Sea (Athos basin, 40� 05.150 N, 24� 32.680

E, Fig. 1) provides detailed information on annual sea surface
temperatures (SSTs, Fig. 9; Gogou et al., in revision). SSTs show an
increase (up to 18.5 �C) from the beginning of the MCA until AD
900. A negative shift in SST values is observed around AD
1050e1100 (of ~0.4 �C) that could be associated with cool spells
(Gogou et al., in revision). Tree rings from the Aegean (Griggs et al.,
2007; Fig. 9) provide the most precisely-dated quantitative records
of annually resolved MayeJune precipitation reconstructions for
north-eastern Greece and north-western Turkey (39e42� N,
22e37� E). They show characteristic changes in late springeearly
summer precipitation. Higher precipitation variability is reported
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between AD 1100 and 1200 with wetter conditions in the first half
of the twelfth century followed by drier conditions after AD 1150
(Griggs et al., 2007; Fig. 9). These findings are in agreement with
recent tree ring based summer PDSI reconstructions by Cook et al.
(in revision, in press).

Three Uranium-series dated stalagmite stable isotope records
from Uzuntarla Cave (Thrace, 41� 350 N, 27� 560 E), Sofular Cave
(Paphlagonia, 41� 250 N, 31� 570 E) and Kocain Cave (Lycia, 37� 130 N,
30� 420 E, Fig. 1) display marked variations in their d13C-profiles,
which are interpreted to reflect variations in effective moisture and
consequently precipitation (G€oktürk, 2011; G€oktürk et al., 2011).
However, all stalagmite isotope profiles show a markedly different
pattern, as the caves are located in different climatic zones. Uzun-
tarla Cave is located in the temperate Marmara transition zone
(Mediterranean to Black Sea), Sofular Cave lies in the Black Sea and
Kocain Cave in the Mediterranean climatic zone (climatic zones as
defined by Türkeş, 1996). Negative d13C values of around �10.6‰
(VPDB) from Uzuntarla Cave indicate a rather long and fairly stable
period lasting from around AD 800 to 1100 of enhanced precipi-
tation and higher effective moisture. The rather abrupt increase in
d13C values between AD 1100 and 1230 suggests a drop in precip-
itation. The Sofular Cave d13C record, however, suggests an increase
in local precipitation at around AD 1000 and high effective mois-
ture until at least AD 1300, whereas a fairly short-lived period of
slightly lower precipitation (more positive d13C values) is centred at
around AD 1200. The Kocain Cave d13C record from south-western
Turkey is considered to reflect variations in snow cover and more
effective recharge of the aquifer above the cave at times of
enhanced snow cover (G€oktürk, 2011). More negative d13C values
indicate increased snow cover during cold winters. In contrast to
ate Anomaly and Byzantium: A review of the evidence on climatic
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Fig. 7. As Fig. 6 but for extended summer (AprileSeptember).
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the Uzuntarla and Sofular Cave records, distinct long-term trends
are not evident in the Kocain Cave d13C record. Very low d13C values
occur between ca. AD 1000 and ca. AD 1100 and suggest that this
period was characterised by rather cold winters and enhanced
snow cover. Interestingly, these rather colder winter temperatures
in the Kocain Cave record are contemporaneous with a drop of
around 0.4 �C in north Aegean SSTs (M2).

Two lake records from central Anatolia, the Nar G€olü oxygen
isotope record (d18O) (Jones et al., 2006) and the Tecer Lake
Aragonite record (Kuzucuo�glu et al., 2011), reflect variations in the
precipitation/evaporation balance of the lakes and are therefore
influenced by the amount of precipitation in winter and spring and
evaporation rates in summer. Between ca. AD 850 and ca. AD 1000
both lake records suggest either a steady reduction in evaporation
rates or an increase in precipitation, although the latter factor ap-
pears to bemore likely. The almost annually-resolved Nar G€olü d18O
record shows evidence for increased humidity (more negative d18O
values) until at least AD 1100. In the twelfth century, increasing Nar
G€olü d18O values indicate increasing aridification, a trend that is
also evident in the Sofular Cave and Uzuntarla Cave d13C records
(Fig. 9). Taken together, the palaeoclimate records show evidence
for rather stable and wet climatic conditions between AD 900 and
AD 1100 (Uzuntarla Cave, Sofular Cave, Nar G€olü Lake) and likely a
series of cold winters between AD 1000 and AD 1100 (Kocain Cave
and M2 north Aegean SSTs).

4.3. The middle Byzantine climate simulated by climate models

4.3.1. Setup of climate model simulations
Three model simulations were selected for comparisons with

textual and natural proxy-based climatic evidence. i) Two experi-
ments from the Coupled Model Intercomparison Project Phase 5
(CMIP5, Taylor et al., 2012), starting in AD 850, namely the CCSM4
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and MPI-ESM-P simulations. Among the variety of CMIP5 simula-
tions these experiments have the highest spatial horizontal reso-
lution. The simulations were carried out with changes in external
forcing parameters (i.e., volcanic eruptions, solar variations, orbital,
and anthropogenic changes in the composition of the atmosphere
and land use change; IPCC, 2013) following the Paleoclimate Model
Intercomparison Project Phase III (PMIP3) protocol (Schmidt et al.,
2012). ii) The ECHO-G-MM5 regional simulation encompasses the
European realm with a 45 km grid spacing. Such spatial resolution
allows the investigation of climatic fluctuations on a regional scale,
including changes in the hydrological cycle. ECHO-G-MM5 is forced
with a 2000-year long simulation with an earlier version of a
comprehensive GCM.

The external forcing parameters of the CCSM4 and MPI-ESM-P
are related to transient changes in orbital, solar, volcanic, green-
house gas and land use forcing (see Schmidt et al., 2012 for a
detailed description). Both simulations used the solar irradiance
reconstruction of Vieira et al. (2011). This reconstruction is scaled
with a difference of 0.1% in total solar insolation between present
day and the Maunder Minimum (AD 1645e1715), a period that is
well known for the scarcity of sunspots and thus less intense solar
radiative output (Maunder, 1922, Eddy, 1976). Regarding the
implementation of the volcanic forcing, CCSM4 used the Gao et al.
(2008) volcanic forcing data and MPI-ESM-P used the Crowley and
Unterman (2013) volcanic reconstruction. Land use changes are
prescribed after Pongratz et al. (2008) for the time between AD 850
and AD 1850.

The CCSM4model consists of an atmospheric component CAM4
with 26 vertical levels and a horizontal resolution of 0.9� � 1.25�

coupled with the ocean model POP with a variable horizontal res-
olution of 1.1� increasing from 0.54� at 33� N/S towards 0.27� at the
equator and 60 vertical levels. The land model used is the CLM4. A
comprehensive description of the simulation of the last millennium
ate Anomaly and Byzantium: A review of the evidence on climatic
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to information availability. Events with monthly, seasonal and annual duration are presented. The symbols background colours denote their temporal resolution.
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Fig. 9. Proxy records from the medieval Byzantine lands. (a, b) textual evidence (warm/cold, dry/wet seasons, see Section 4.2.1, Telelis, 2008); (c) M2 SST, high resolution
palaeoceanographic alkenone sea surface temperature (SST, �C) reconstruction from the northern Aegean Sea (Gogou et al., in revision); (d) Aegean oak trees MayeJune precip-
itation for NE Greece and NW Turkey (9-year filter, Griggs et al., 2007); (e) Uzuntarla Cave: effective moisture biased towards winter and spring precipitation in Marmara region
(G€oktürk, 2011); (f) Kocain Cave: effective moisture related to winter and spring precipitation in south-western Turkey (G€oktürk, 2011); (g) Tecer Lake: aragonite precipitation,
precipitation/evaporation balance in south-eastern Turkey (Kuzucuo�glu et al., 2011); (h) Sofular Cave: effective moisture in the Black Sea area (G€oktürk et al., 2011); (i) Nar G€olü:
water, precipitation/evaporation balance in south-western Turkey (Jones et al., 2006).
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can be found in Landrum et al. (2013) including a detailed
description of the model setup. For this model only one realisation
is available, however, the advantage of the simulation is its
extraordinary high spatial resolution for a global Earth System
Model, which corresponds to 80 km longitude � 140 km latitude
over the Mediterranean region.
Please cite this article in press as: Xoplaki, E., et al., The Medieval Clim
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The MPI-ESM-P model consists of the atmospheric model
ECHAM6 with horizontal resolution 1.85� � 1.85� that is approxi-
mately 160 km longitude � 200 km latitude over the Mediterra-
nean region and 47 levels. The model is coupled with the ocean
model MPI-OM (bi-polar curvilinear grid: 1.5� horizontal resolution
with 40 levels). The vegetation model JSBACH is also used, to take
ate Anomaly and Byzantium: A review of the evidence on climatic
nce Reviews (2015), http://dx.doi.org/10.1016/j.quascirev.2015.10.004



Fig. 10. Extended winter (OctobereMarch) and extended summer (AprileSeptember) temperature anomalies for different model simulations and different regions in the eastern
Mediterranean during MCA. Upper panel: MPI-ESM-P; Middle panel: CCSM4; Lower panel: ECHO-G-MM5. Anomalies (in K) are calculated with respect to the reference period AD
1500e1850 (i.e., deviations from the AD 1500e1850 seasonal mean).

Fig. 11. As Fig. 10 but for extended winter (OctobereMarch) and extended summer (AprileSeptember) precipitation anomalies (in mm/month).
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Fig. 12. As Fig. 10 but for extended winter (OctobereMarch) and extended summer (AprileSeptember) soil moisture anomalies (in kg/m2 and m3/m3 for the GCMs and ECHO-G-
MM5, respectively).
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into account prescribed changes in land use. The model and
experiment setup are discussed in greater detail in Giorgetta et al.
(2013). The MPI-ESM-P r1, r2 and r3 realisations are used in this
review. These realisations have different initial oceanic conditions
starting in the year AD 850. The r2 and r3 realisations were also
carried out with slightly different versions of the volcanic data set
and with a correction of the ozone annual cycle (Jungclaus et al.,
2014). For the majority of the results, the r1 simulation is shown.
The r2 and r3 realisations are mainly used to show differences that
Fig. 13. Extended winter and extended summer temperature anomalies with respect to t
deviations (23-yr, lower panel) over the medieval Byzantine lands for the MPI-ESM-P and
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occur in the temporal evolution of the climate due to the differ-
ences in the initial conditions of the model runs.

The ECHO-G-MM5 regional simulation extends back to 1 AD and
it was forced by an earlier simulation carried out with the
comprehensive atmosphereeocean general circulation model
(AOGCM) ECHO-G. ECHO-G consists of the atmospheric model
ECHAM4 (horizontal resolution T30: 3.75� � 3.75� with 19 vertical
levels) coupled with the ocean model HOPE-G (2.8� � 2.8� spatial
resolution including increased horizontal resolution over the
he AD 1500e1850 reference period (upper panel) and temperature running standard
the CCSM4 simulations.
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Fig. 14. Temperature and precipitation differences with respect to the 1500e1850 reference period for the three politically/economically instable periods (AD 920e930, AD
1025e1100 and AD 1175e1200) in Byzantium. Temperature differences correspond to the full domain and precipitation differences to the Aegean/Anatolia sub-region. Lighter
colours represent the preceding five years to the respective periods.
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tropics down to 0.5� at the equator and 20 vertical levels). ECHO-G-
MM5 is flux adjusted to prevent climate drift (AOGCMs could drift
into some unrealistic climate statee spurious long-term changes in
general circulation models that are unrelated to either changes in
external forcing or internal variability, Sen Gupta et al., 2013). The
implemented external forcings are restricted to orbital, solar and
GHG forcing, because no volcanic reconstructionwas available prior
to AD 850. Also the scaling of the solar constant is comparatively
high with 0.3% difference in solar activity between present day and
the Maunder Minimum and thus corresponds to scalings used in
the late 1990s and early 2000s (Crowley, 2000). The more realistic
representation of the topography and the complexity of the
coastline, which is important for the eastern Mediterranean, clearly
suggests the use of the ECHO-G MM5 for the area and enables the
investigation of changes at the regional scale. Furthermore, due to
the increased horizontal and vertical resolution, the processes
related to the hydrological cycle, i.e. precipitation, evaporation and
near-surface humidity variability are represented more realistically
compared to a coarser resolved GCM. A more detailed description
of the ECHO-G-MM5model setup and the ECHO-Gmodel setup can
be found in G�omez-Navarro et al. (2013) and Wagner et al. (2007),
respectively.

The temporal focus is on the middle Byzantine period and
somewhat afterwards (ca. AD 850e1300), and themodel results are
presented with respect to the IPCC AR5 reference period AD
1500e1850. The selected seasons of extended winter (Octo-
bereMarch) and extended summer (AprileSeptember) (see also
Section 2) are used for the model data analysis. In addition to the
full domain (20�e35� E, 35�e45� N, Fig. 1), three sub-regions were
also selected to study potential regional differences within the
Eastern Mediterranean area. These regions are: Northern Greece
(40�e45� N, 20�e24� E), Southern Greece (36�e40� N, 20�e24� E),
Please cite this article in press as: Xoplaki, E., et al., The Medieval Clim
fluctuations, economic performance and societal change, Quaternary Scie
Aegean/Anatolia (36�e42� N, 26�e30� E) (Fig. 1).
The model simulations are used as the basis for the calculation

of near-surface temperature, precipitation and soil moisture tem-
poral variability (Figs. 10e12) in the medieval eastern Mediterra-
nean. Spatially resolved fields (Fig. 15) are also provided in order to
investigate potential local changes or climate transitions between
different regions.

4.3.2. Hypotheses on socio-politically unstable periods and climate
model simulations

This section presents and analyses a few hypotheses on poten-
tial links between climatic and societal changes that took place
during specific periods in Byzantium. The analysis encompasses the
entire study area together with sub-regional findings (Figs. 1,
10e12), as well as comparisons with model simulations pre-
sented in the sub-sections of 4.3.2. For precipitation, in particular,
because of the higher spatial variability of the hydrological changes
(see also Section 4.1), the analysis focuses on the three sub-regions
(Northern Greece, Southern Greece and Aegean/Anatolia, Fig. 1).

4.3.2.1. Temperature variability during the MCA over the Byzantine
lands. Strong similarities are found between the decadal evolution
of seasonal temperatures over the full domain and the three sub-
regions (Fig. 10). The period prior to AD 1200 reveals relatively
stable temperature levels except for the CCSM4 simulation, which
shows higher temperature during the twelfth century. The ECHO-
G-MM5 simulation, which it should be noted that is not forced by
changes in volcanic activity (see also Section 4.3.1), shows in both
seasons a slightly positive temperature trend that lasts until the
twelfth century and is subsequently followed by a long-term
decline in temperature (Fig. 10). This long-term cooling is most
likely induced by changes in external forcing and thus related to
ate Anomaly and Byzantium: A review of the evidence on climatic
nce Reviews (2015), http://dx.doi.org/10.1016/j.quascirev.2015.10.004



Fig. 15. MPI-ESM-P r1 simulation spatially resolved differences of seasonal temperature (K) and precipitation (mm/month) with respect to the AD 1500e1850 reference period for
the periods (a) AD 920e930, (b) AD 1025e1100 and (c) AD 1175e1200 in Byzantium.
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long-term changes in the solar activity. For the CCSM4 and MPI-
ESM-P realisations, there are common signals induced by large
volcanic eruptions in the thirteenth century (e.g., the great
Samalas volcanic eruption in AD 1257, Lavigne et al., 2013; Sigl
et al., 2015 and the Quilotoa eruption in AD 1275, Mothes and
Hall, 2008; Ledru et al., 2013; Sigl et al., 2015) that led to nega-
tive AprileSeptember temperature anomalies. Despite their
strength, the eruptions are not reflected in the second and third
ensemble of the MPI-ESM-P simulations (Fig. 13 upper panel),
which might partly be related to the slight differences in the
experiment setup (Jungclaus et al., 2014). In addition, temperature
response to volcanic eruptions depends as well on inadequate
aerosol particles representation and uncertainties in eruption
location and time of year (Timmreck et al., 2009; Toohey et al.,
2011; Anchukaitis et al., 2012; Stoffel et al., 2015). Disruption in
Fig. 16. Annual 2-m temperature interannual evolution for the CCSM4 and MPI-ESM-P simul
with respect to the AD 1000e1850 reference period.
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ray exchange due to volcanic activity is found to be overestimated
in different climate models (Brohan et al., 2012; Meehl et al., 2012;
Landrum et al., 2013; Berdahl and Robock, 2013; Marotzke and
Forster, 2015; Stoffel et al., 2015) due to model difficulty in
capturing dynamic responses in the stratosphere (Shindell et al.,
2003) and potential errors in ice core interpretation when
generating volcanic reconstructions (Schneider et al., 2009; Sigl
et al., 2015). Following the above, the temperature decline in the
aftermath of largest tropical eruptions like the great Samalas (Sigl
et al., 2015) do not scale linearly with the amount of sulphate
aerosols they eject (cf. also discussion in Timmreck et al., 2009;
Crowley and Unterman, 2013; Stoffel et al., 2015). However, the
volcanic outbreaks are also visible in the entire eastern Mediter-
ranean region, as shown by the spatial average of the annual mean
surface temperature (Fig. 16) and are in agreement with the new
ations over the medieval Byzantine lands. Annual temperature anomalies are calculated

ate Anomaly and Byzantium: A review of the evidence on climatic
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proxy-based spatial reconstruction of the European e Mediterra-
nean summer temperature fields back to 755 BCE (Euro_Med
Consortium, in revision).

4.3.2.2. A long-term trend towards wetter conditions in ca. AD
850e1000 in western Anatolia. For the Aegean/Anatolia sub-region
(Fig. 1), only the MPI-ESM-P r1 simulation indicates elevated levels
of precipitation during the extended winter for the period AD
850e1000 (Fig. 11). The CCSM4 simulation shows constant pre-
cipitation levels in this period for both seasons. For the thirteenth
century, the ECHO-G-MM5 simulation shows an increase in Octo-
bereMarch seasonal precipitation. Interestingly, in this regional
simulation the sub-regions vary quite coherently in contrast to the
GCMs. During summer, however, larger and more accentuated
differences between northern Greece and the other sub-regions
occur for the first two centuries of the study period, most likely
because of the relatively higher mean rainfall during the warm
season of the year (see also Fig. 7). It should be noted that higher
precipitation totals are also connected with higher variability,
especially over regions characterised by complex terrain, such as
Northern Greece (Fig. 7).

4.3.2.3. Stable and relatively warmewet conditions in northern
Greece AD 1000e1100. The beginning of the eleventh century is
characterised by strong temporal precipitation variations for
Northern Greece in the MPI-ESM-P r1 simulation and throughout
the year (Fig. 11). The CCSM4 r1 simulation also shows increased
rainfall during the extended summer, whereas no clear-cut signal is
discernible during the cold and wet part of the year (Fig. 11).
Interestingly, at the beginning of the eleventh century, the two
GCMs show a different behaviour of the soil moisture conditions
(Fig. 12). During summer, lower values are simulated in the CCSM4
r1, whereas the MPI-ESM-P simulation shows the opposite situa-
tion with increased levels in soil moisture. The ECHO-G-MM5
simulation shows rather stable soil moisture conditions, espe-
cially during the cold season. Due to the persistence of soil moisture
conditions compared to precipitation, similar characteristics are
also found for the respective winter half of the year in the different
simulations for the full domain and the sub-regions (Fig. 11).

4.3.2.4. Interannual variability over the Byzantine lands. A suitable
tool for addressing changes in the interannual variability, and in
particular changes in the amplitude of temperature change in
different periods, is the estimation of the standard deviation of
climatic indices using shifting windows, the so-called running
standard deviation. This approach is applied only to the simulated
temperature for the full domain, because of the high degree of
coherence among the different regions as can be seen in
Figs. 10e12. The running standard deviations for the temperatures
of the MPI-ESM-P and CCSM4 simulations are presented in the
lower part of Fig. 13. One general outstanding feature relates to the
changes in the mid-thirteenth century connected with the strong
volcanic activity of the period (Fig. 16). Due to the lower impact of
this volcanic event on the MPI-ESM-P r2 and r3 simulations (see
temperature evolution of r2 and r3 displayed in Fig. 13, Jungclaus
et al., 2014), the standard deviation change is moderate compared
to the other simulations. For the earlier periods, all simulations
show quite stable conditions and no general pattern can be iden-
tified in changes in the interannual variability overall simulations.

4.3.2.5. Periods of political or economic instability. Periods of po-
litical or economic instability in the Byzantine empire are investi-
gated here in greater detail. These periods are i) AD 920e930, the
period of a great famine, reflected in documented remissions of
taxation and increasing structural changes in the rural society e in
Please cite this article in press as: Xoplaki, E., et al., The Medieval Clim
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particular increased peasant dependency on middling and larger-
scale estate-owners, with a consequent alienation of fiscal re-
sources from the central government to the advantage of �elite
landlords (Kaplan, 1992, pp. 461e462; Morris, 1976), ii) AD
1025e1100, years characterised by frequent controversies over the
imperial throne, and the loss of Anatolia to the Turks by the end of
that century (Cheynet, 1998; Angold, 2008), and iii) AD 1175e1200,
a period of political crisis that weakened the empire in the years
leading up to the Fourth Crusade and the fall of Constantinople in
AD 1204 (Magdalino, 2008).

The outputs of the climate simulations for these periods were
used, including also the years that preceded the respective periods.
In a first step, the mean differences are calculated between the
selected periods and the AD 1500e1850 seasonal mean (Fig. 14).
Due to the higher spatial variability of precipitation (Figs. 6 and 7)
the sub-region Aegean/Anatolia is presented, whereas for temper-
ature the full domain is shown.

For AD 920e930 and AD 1025e1100 temperatures show
warmer conditions compared to AD 1500e1850, although the
amplitude varies among the simulations. Warmer temperatures
during the extended winter season also characterise most of the
preceding five-year periods. Higher temperatures characterise all
periods during the extended summer season and the preceding
five-year periods, which agree with the spatial proxy reconstruc-
tion by Euro_Med Consortium (in revision). It should be noted that
the reference period AD 1500e1850 that coincides with the Little
Ice Age (AD 1450e1850, Masson-Delmotte et al., 2013), is a cooler
period compared to the twentieth century (Fig. 5.8f and 5.9gei for
the second part of the twentieth century in Masson-Delmotte et al.,
2013).

With respect to precipitation conditions, changes are small and
heterogeneous in the different periods and between the models.
Due to the complexity of the hydrological cycle, climate models
cannot simulate correctly changes during decades on a regional
scale, in addition to moderate changes in external forcing
(compared to changes between glacial and interglacial periods).
Moreover, also other subtropical and Mediterranean climate re-
gions in the world (south-western North America) show no clear-
cut relationships between changes in the hydrological cycle and
changes in external forcing during the last millennium pointing to
the high amount internally dominated variability within the hy-
drological cycle (cf. Coats et al., 2015).

In order to investigate the spatial co-variability within the
different periods, the same analyses were carried out for the
spatially resolved fields. As an example, the MPI-ESM-P r1 simu-
lation is presented here (Fig. 15). The slightly increased tempera-
ture levels of the Byzantine periods compared to the pre-industrial
reference period AD 1500e1850 (Fig. 14) is also reflected in the
temperature fields (Fig. 15). The dependence of the amplitude of
the temperature anomaly on the landesea distribution mainly to-
wards theMediterranean Sea is evident in some of the patterns. For
instance, during the extended summers of the years AD 920e930,
stronger temperature anomalies characterise the land areas as
compared to the moderate anomalies over the Aegean and Black
Seas (compare also with Fig. 7).

The precipitation patterns are more heterogeneous (Fig. 15) as
the processes involved in the generation of rainfall are more
complex and spatially more variable compared to temperature,
especially over complex terrain (see also Section 4.1). This is visible
for example for the summers AD 1175e1200 that are found to be
wetter than the mean conditions of the period AD 1500e1850
(positive precipitation anomaly) over the Aegean and eastern
Greece, whereas the southern rim of the domain indicates similar
or drier conditions as for the reference period. During the extended
winter season, which is characterised by slightly higher mean
ate Anomaly and Byzantium: A review of the evidence on climatic
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precipitation (see also Fig. 6), the regional differences in precipi-
tation are in cases even larger (Fig. 15). From a hydrological point of
view the different periods show no clear-cut synchronous pattern
of increased or decreased precipitation over the eastern Mediter-
ranean. In contrast, temperatures during the periods of interest
show in general warmer conditions compared to the reference
period, representing in large parts the period of the Little Ice Age
(Fig. 15).

Although the periods selected in the models do not reflect the
real climate evolution e and due to the absence of changes in the
external forcings a common signal would be a coincidence e the
model simulations show a considerable amount of spatial vari-
ability, especially for the hydrological changes.

5. Discussion: climatic changes and societal change in
Byzantium (ca. AD 850e1300)

Any analysis of socio-economic and political change and trans-
formation for any period of history requires a holistic approach that
includes environmental factors, documentary evidence, and the
broader geo-political context. In the case of the medieval Byzantine
state, it should be clear at the outset that a short study such as this
can only collate the key materials and suggest ways forward. We
have quite deliberately, therefore, excluded clearly significant fac-
tors such as changing environmental situations among the neigh-
bours of the empire, in particular the steppe peoples such as the
Pechenegs and Turks, but also in Italy, a major trading partner of the
Byzantine empire throughout the period AD 850e1300. Climatic
shifts in the empire's commercial partners could impact on market
demand as well as production, and thus on socio-economic re-
lations within the empire itself (as, for example, in determining
estate owners' choices to invest in sericulture, oleoculture or viti-
culture, major sources of market-derived income). Until the twelfth
century Italian cities were major importers of Byzantine grain, for
example, so shifts at either end of this relationship could impact
negatively as well as positively at the other end. These issues are
central to future, more detailed research into the causal associa-
tions between climate, environment and society in the Byzantine
world, and that what we present here is intended to illustrate both
the possibilities as well as themethodologies that can be employed.

The middle Byzantine period (ca. AD 800eca. AD 1200) gener-
ated a considerable body of evidence for the study of climate and
society. Natural proxy archives and textual records on past climate,
as well as historical, palaeoenvironmental and archaeological data
together generate a substantial body of information on specific
climate events, variations in weather and climate, societal changes,
as well as economic and political fluctuations (Sections 2e4). In
particular, the evidence that concerns societal processes is largely
multi-factorial in character, while reactions to climate and its
variability in respect of both human activities as well as the re-
actions to climate variability on the part of different sectors of so-
ciety, both as reported by contemporaries as well as revealed by, for
example, archaeological data, have a different spatial and temporal
resolution (local, daily to annual) compared with the palaeoclimate
records (local to regional, seasonal to multidecadal). Moreover,
most of the data relevant to Byzantine society do not build
continuous time series. These different types of data, however, can
now be complemented by palaeoclimate models, which determine
climate system changes through given boundary conditions and
changes caused through forcings. Such models help thus to identify
the underlying mechanisms of observed climatic variations, and e

to the extent that signal and noise can be distinguished e make it
possible to separate the externally-forced climate signal from in-
ternal variability.

In the following sections, those periods and areas that have
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proved to be most interesting in terms of potential linkages be-
tween climatic changes and socio-economic processes are dis-
cussed in chronological order.

5.1. AD 850e1050, Anatolia

In the ninth century, the expansion of agriculture (Fig. 5) and the
increase in monetary circulation (Fig. 2) signalled the economic
recovery of Byzantine Anatolia, which culminated during the
eleventh century. As indicated by the three archives of Nar G€olü
(Cappadocia), Sofular (Paphlagonia) and Uzuntarla (Thrace) Caves
(Figs. 1 and 9) and also the lower temporally resolved record of
Tecer Lake (Cappadocia), a marked shift from drier to wetter con-
ditions seems to have occurred at the beginning of this period. This
is in agreement with the CMIP5/PMIP3 models that denote wetter
conditions for the Aegean/Anatolia at the same time (Fig. 11). The
widespread abundance of rainfall must have resulted in more
favourable conditions for agriculture in Anatolia in the ninth and
tenth century. However, given the close relationship between po-
litical stability in Anatolia and agricultural expansion (Figs. 2 and 5)
(Izdebski et al., 2015), the climatic conditions cannot be considered
as the sole causal factor in respect of economic prosperity, even if
they certainly contributed substantially to these processes. It seems
far more likely that such a change in the region during the eleventh
century should be attributed to human factors rather than fluctu-
ations in climate.

5.2. AD 900e1200, southern Greece

Later than in Anatolia and at a slower pace, southern Greece
(see also Fig. 1) experienced an expansion of agriculture (Fig. 5),
reaching a climax after ca. AD 1150, followed by continuing set-
tlement growth beyond the twelfth century (Fig. 3). The begin-
ning of this period coincides with the economic recovery after
the early medieval crisis and the later eighth century, which is
particularly apparent in the increase in monetary circulation
from the middle of the ninth century (Fig. 2). It should be noted
that the later recovery in southern Greece, in comparison with
that in Anatolia (Fig. 5), is probably related to its re-integration
into the Byzantine empire in the ninth century, following
which there took place a gradual political stabilisation (Table 1).
The climatic conditions in southern Greece in the period ca. AD
900e1100 can be characterised as relatively wet, as indicated by
the stable high effective humidity levels at Uzuntarla Cave and
other independent palaeoclimate evidence (Fig. 9). Climate
simulations (Fig. 11), as shown, are partly in agreement with this
palaeoclimatic picture.

The decade from around AD 920e930 represents an unusual
period in terms of socio-economic instability and the available
documentary record of severe famines (Kaplan, 1992, pp. 461e462)
is quite clear, and these shifts had significant implications for the
state's fiscal system, for military recruitment and for the relation-
ship between the government and the power �elite at Con-
stantinople and the increasingly independent provincial �elites
(Morris, 1976; Frankopan, 2009; Haldon, 2009). This period was
characterised by stronger snow accumulation as reconstructed
from the Kocain Cave record (Fig. 9), and an increased frequency of
cold winters in the Byzantine lands that show winter temperature
conditions very close to the levels of the Little Ice Age (Fig. 15). Such
conditions could be linked to the short-term subsistence crises
reported by the historical sources for the AD 920s.

From the economic point of view, the twelfth century seems to
have been the most prosperous period for southern Greece, with
high agricultural productivity, significant monetary exchange, and
demographic expansion. This is the period during which the
ate Anomaly and Byzantium: A review of the evidence on climatic
nce Reviews (2015), http://dx.doi.org/10.1016/j.quascirev.2015.10.004



Fig. 17. Average proportion of olive pollen in the highlands of Macedonia (adapted
from Izdebski et al., 2015).
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Byzantine empire, having made a significant recovery after the
problems that had arisen in the second half of the eleventh century,
was relatively strong in terms of political/military power (Table 1).
But it is also a period characterised by generally drier conditions
(Uzuntarla Cave, Sofular Cave, Nar G€olü, Fig. 9) and high SSTs (M2,
Gogou et al., in revision), as well as strong MayeJune precipitation
variability, and a clear downward rainfall trend, as can be seen by
the Aegean oak tree-rings reconstruction (Fig. 9). A tendency to-
wards extended winter dryness is also shown by the CMIP5 models
(Fig. 11), especially for the period AD 1175e1200 (Fig. 15). Byzantine
society in southern Greece during the twelfth century seems, in
consequence, to be relatively resilient in a context of less favourable
climatic conditions.

5.3. AD 900e1100, northern Greece and the Balkans

In the tenth century, monetary circulation (Fig. 2) and cereal
cultivation gradually expanded in both Bulgaria and northern
Greece (Fig. 5). The relatively stable and also high SSTs from M2
together with the high humidity levels of the Uzuntarla Cave
(Fig. 9) suggest that higher temperatures and more abundant pre-
cipitation facilitated the northward expansion of the Byzantine
agricultural-economic pattern. However, the end of the eleventh
century is marked by a drop in temperature and precipitation, as
indicated by the north Aegean marine core M2, and Uzuntarla Cave
(Thrace). Around AD 1100, a significant decrease in monetary cir-
culation in Bulgaria (Fig. 2) seems decoupled from agricultural
development, which continued without interruption (Fig. 5). The
reasons for this are probably to be located in the differential impact
of Pecheneg incursions from central Asia at this period, which may
well have disrupted markets and monetised exchange activity
without impacting in an obvious way on peasant production. The
pollen data reflect a wider regional development, in contrast to the
indicators for monetary exchange, which in this instance seem to
reflect developments north of the Haemus range, thus areas most
exposed to economic disruption (Frankopan, 1997; Stephenson,
1999). The models indicate a general reduction of rainfall in
northern Greece and a drop towards the end of the eleventh cen-
tury to the levels of the Little Ice Age in two of the simulations
(Fig. 11), while the warm season is characterised by a tendency
towards drier conditions. It should be noted that the twelfth cen-
tury is characterised by generally dry conditions and this is evident
in the palaeoclimate records of Nar G€olü, Uzuntarla Cave and Sof-
ular Cave (Fig. 9).

5.4. AD 1100e1200, Anatolia

Following the Turkish conquest and occupation of the Anatolian
plateau (Table 1) and for almost the entire twelfth century, palae-
oclimate records (Nar G€olü, Uzuntarla Cave and Sofular Cave) in the
easternMediterranean point to drier conditions almost everywhere
across the Byzantine empire (Fig. 9). An important decline in
agricultural production seems to have occurred in Anatolia already
prior to AD 1100. The invasion of the Seljuks and the migration of
the Turkoman nomads into central Anatolia after AD 1071 appear to
have caused a serious retrenchment in the established economic
system, while at the same time as these events were taking place,
the region also had to cope with lower rainfall. Interestingly,
whereas there is a clear decline in cereal cultivation over much of
Anatolia (Fig. 5), the annually-resolved Nar G€olü pollen data show
only small-scale and short-term fluctuations in cereal and
pasturing-related pollen (England et al., 2008). This could suggest
that the impact of both climate as well as human activity (such as
raiding warfare, for example) depended on local environmental
conditions, agricultural practices (cf. Crumley, 1994) and the nature
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of local social organization. Finally, the Seljuk expansion into the
Middle East may have been encouraged by particularly cool cli-
matic conditions over central Asia in the early eleventh century.
Bulliet (2009) showed that cooling had a more dramatic impact on
nomadic Seljuk society than on neighbouring sedentary cultures,
since Seljuk camels were temperature-sensitive, and cooling forced
a migration from the northern to the southern fringes of the Kar-
akum desert. But there has as yet been no clear demonstration that
climate was instrumental in the Seljuk invasion of Anatolia (cf.
Ellenblum, 2012, and its reviews by Frankopan, 2013, and Burke,
2013) and more research is required in this direction.

These unstable and rather dry conditions, especially during the
second half of the twelfth century prevailed also in Greece and
Macedonia, where economic growth continued throughout the
whole century (Figs. 2e5). The contrast between the Anatolian and
Greek parts of the Byzantine socio-economic system suggests that
it was generally resilient to medium-scale climate fluctuations, as
well as to increased interannual variability, except where there also
occurred significant political problems. In other words, since
Byzantine Greece and Macedonia did not directly suffer from the
Seljuk invasion of Anatolia, the agrarian economies of these regions
of the Byzantine Empire coped quite well with the climatic stress of
the twelfth century.
5.5. AD 1175/1180e1200, Byzantine lands

The period of AD 1175/1180e1200, preceding the fall of Con-
stantinople in AD 1204 and the partial collapse of the Byzantine
state, was one during which the empire experienced considerable
internal instability (Magdalino, 2008). In addition, a major rebellion
in the central Balkans led to the creation of the so-called Second
Bulgarian empire (Ritter, 2013). The question arises as to whether
there was indeed a climatic dimension to these historical de-
velopments that could have limited the resources available to the
Byzantine imperial government and increased social tensions.

In fact, the empire did experience “unusual” climatic conditions
during precisely these years. Dry conditions are indicated by all
palaeoproxy records, on both sides of the Aegean Sea (Fig. 9 and
Cook et al., in revision). Palaeomodels and the Euro_Med
Consortium (in revision) summer temperature reconstruction
also show clearly the prevalence of colder summers across virtually
all three decades that preceded the fall of Constantinople in AD
1204 (Table 1). More specifically, the tree-ring based MayeJune
rainfall reconstructions and information from the Uzuntarla and
Sofular Caves (Fig. 9) point to drier conditions over the greater
North Aegean area. Additionally, data from Kocain Cave show a
higher frequency of cold and likely drier winters. Finally, Nar G€olü
ate Anomaly and Byzantium: A review of the evidence on climatic
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(Fig. 9) indicates rainier summers for the last decades of the twelfth
century.

Fig. 17 presents the average proportion of olive pollen for the
highlands of Macedonia. A period of growth in the values of olive
pollen in this part of Macedonia occurred during the ninth and
tenth century. Given that wind can transport olive pollen over
longer distances (Bottema and Woldring, 1990), this trend must
reflect a general increase in the presence of olive trees (hence,
expanding olive cultivation) over a larger area in the north of
Greece. This growing trend is no longer visible in the eleventh
century, and towards the end of the twelfth century the average
olive pollen values started to decline rapidly. These changes in the
regional olive pollen record from the northern Aegean show
interesting correlations with two climate proxies. First, the
northern Aegean SSTs reconstruction shows a declining trend
after AD 1000 (Fig. 9), potentially indicating that temperatures
were becoming cooler over this part of Greece, which would limit
the natural potential for olive cultivation in this area. Moreover,
the dendro-based reconstructions of MayeJune precipitation for
the northern Aegean also show a declining trend, this time dated
to the twelfth century (Fig. 9). As the late spring rains are crucial
for olive harvests, this factor might have additionally worked
against olive cultivation in Macedonia and northern Greece in
general. In addition, since e as already indicated e the AD 1180s
and AD 1190s were a period of relative political instability, with
warfare in the Balkans and internal political tensions and conflict
in and around the capital at Constantinople that affected the trade
and market for olive oil. In contrast, there appears to be no
indication of longer-term decline in cereals (Fig. 5), although of
course this does not exclude some short-term fluctuations in
grain harvests, fluctuations that would not, of course, be reflected
in the pollen data. Whereas it is quite probable that the harvests
in the years AD 1180e1200 were in general lower as a result of
adverse climatic conditions, there is more certainty with respect
to the poor olive harvests thanks to the observed longer-term
decrease in olive pollen in Macedonia. All these factors likely
amplified any instability within the Byzantine socio-political
system during the last part of the twelfth century, even though
positive demographic trends generally remained unaffected
(Figs. 4 and 5). Interestingly, the relatively stable MayeJune pre-
cipitation patterns after AD 1230 (Fig. 9) do not seem to have
helped to reverse the overall declining trend in olive cultivation in
northern Greece (Fig. 17).

5.6. AD 1200e1300, Anatolia

All three model simulations show a significant reduction in
winter temperatures around the middle of the thirteenth century
related to the great Samalas volcanic eruption (Fig. 16, Sigl et al.,
2015; Stoffel et al., 2015) and other tropical volcanic eruptions of
that period. Severe winters can damage both vineyards and olive
cultivation, since as noted already both of these plants are sensitive
to prolonged frost and very low temperatures during winter. Un-
fortunately, there are no data on olive or vine cultivation or the
trade inwine or olive oil during the thirteenth century to help trace
the immediate impact of these severe winters on the regional
economy. However, it is interesting to observe that the period of
severe winters temporally coincides with the final collapse of
Byzantine political control over the valleys of western Anatolia
(Thonemann, 2011, pp. 270e278; cf. Fei et al., 2007, for another case
of the impact of a volcanic eruption on medieval political history).
At that time, these valleys were inhabited by settled agriculturalists
whose identity was mostly Byzantine, and nomad pastoralists, who
were predominantly Turkoman. In the course of the second half of
the thirteenth century, the Byzantine authorities from Nicaea and
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then Constantinople gradually lost military and political control
over these complex local communities, as they were absorbed into
the Turkoman beyliks of western Anatolia (Laiou, 1972, pp. 21e30).
Possibly that section of the population whose economic activities
were centred on cereal, vine, vegetable and olive cultivation, was
weakened by the severe winters, conditions that may have been
less damaging for the Turkoman pastoralists. The economic impact
of such severe winters would consequently reduce the tax re-
sources available to the local Byzantine authorities, while the im-
perial government from Nicaea was too busy with the recovery of
the control of Constantinople to deal with local problems in
western Anatolia (Table 1).

For the sixty years after the fall of Constantinople (Table 1),
eastern Bulgaria shows a positive trend in monetary exchange
(Fig. 2) and forms in the thirteenth century the core of the new,
flourishing Bulgarian empire (Ducellier, 2008). The contraction of
monetary circulation is thus observable on sites associated with the
Byzantine economic system that started to break down after the fall
of Constantinople in AD 1204, and consequent upon the political
and economic fragmentation that followed (Laiou and Morrisson,
2007).

5.7. Climate models

Although the increased spatial resolution of the climate models
used in this review, a detailed view of the evolution of the climate
in the eastern Mediterranean cannot yet be achieved. Smaller-scale
factors, such as complex coastlines and orography and short time
scale seaeland interactions, as well as major processes, such as the
connection between the Mediterranean Sea and the North Atlantic,
still cannot be realistically represented.

The CMIP5/PMIP3 simulations revealed a high degree of inter-
nally generated variability. None of the formulated hypotheses can
be falsified concerning i) exact timing and ii) the extent and spatial
representation of the model-based results in comparison with the
empirical evidence, i.e., natural proxy archives and historical or
archaeological evidence. This does not disqualify the ability of both
approaches to take into account some general considerations. In-
ferences about the true climatic evolution can only be derived from
the empirical evidence. Climate models may only represent several
possible evolutions of climate under certain configurations in the
external background. For instance, the CMIP5/PMIP3 model simu-
lations are carried out with the same protocol using changes in
Earth's orbital parameters, solar output and volcanic activity but
they all show different evolution on the decadal-to-multi decadal
time scale.

6. Conclusions

This analysis of the complex interactions between medieval
climate, environment and human activity in Byzantium combined
paleaeoclimate records and simulations with textual and archaeo-
logical evidences. However, establishing firm links between climate
change and human activity remains challenging due to the
complexity and heterogeneity of available climatic and societal
data.

The comparative use of palaeomodels in combination with
palaeoclimate information and societal evidence significantly
contributes to a better understanding of both the drivers behind the
climate system as well as those behind the coupled climate-society
system. In this way, we can clarify the links between climate vari-
ability and societal impacts and thus study the human capabilities
in adjusting to a changing environment.

Changes in solar and volcanic activity probably influence
climate on annual to decadal time scales. However, during the
ate Anomaly and Byzantium: A review of the evidence on climatic
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middle Byzantine period, no prolonged changes in either solar or
volcanic activity are evident. It seems most likely, therefore, that
changes seen in the model simulations are induced by the internal
variability generated by the interactive coupling between the
different climatic components.

For Byzantium, the ninth and tenth centuries were marked by
an agricultural and demographic expansion that was favoured by
abundant rainfall and a mild climate. During the following century,
while such favourable conditions continued, parts of the empire
also experienced external political pressures, such as the move-
ment of Turkoman groups under Seljuk hegemony into Anatolia,
which coincided with the end of the agricultural expansion in that
region.

The twelfth century saw the climax of the medieval Byzantine
empire, with substantial agricultural productivity, intensive mon-
etary exchange, demographic growth, and its pre-eminent inter-
national political situation. This period also saw a shift towards
warmer temperatures, high precipitation variability and drier
winter conditions. However, these adverse climatic conditions did
not affect the Byzantine socio-economic system, which reached its
maximum development at precisely this point. Across this period,
at least, Byzantine society was resilient in the face of the impacts of
climate variability. In contrast, towards the end of the same century
(around AD 1175e1200), a period of unusual climatic conditions set
in, with heightened winter aridity and summer cooling, coinciding
with the years of internal political and economic disruption that
preceded the Latin occupation of Constantinople (AD 1204). The
possibility, indeed probability, that such shifts in climatic condi-
tions contributed to the instability of the Byzantine socio-political
system at this time cannot be excluded, shifts that may have
induced heightened factional competition over resources as well as
other forms of conflict, all of which facilitated the success of the
Fourth Crusade.

In the middle of the thirteenth century, cooler and more arid
conditions are visible in the lake palaeoclimate records and the
models capture well a significant decline in temperature con-
nected with the volcanic eruption of Samalas around AD 1257.
The potential impact of such short-term climatic variation may
have been strong for an agrarian society such as the Byzantine,
the resource-base of which might have been weakened through
the strong cooling. Interestingly, the event coincides well with
the final collapse of Byzantine political control over western
Anatolia.

To conclude, we suggest that climate was a significant contrib-
utory factor in the socio-economic changes that took place in
Byzantium during the MCA, but that it was not the sole factor.
Rather, the impact of climate change amplified or exacerbated a
range of inter-related pressures that placed stress on various key
elements of Byzantine society and economy. These included
external forces such as the social dislocation and economic
disruption generated by the Turkic raids and subsequent occupa-
tion of much of Anatolia from the AD 1050s on; the Pecheneg raids
and dislocation in the Balkans from the AD 1070s; and the conflicts
with Venice and other western powers that led up to the fall of
Constantinople to the Latins in AD 1204. But they also included pre-
existing and systemic internal socio-economic tensions between
the state, various factional elements of the ruling �elite, and the tax-
paying rural populations of the provinces. The inter-relationship
between these varying factors reinforces the conclusion that a
comprehensive answer to the question of Byzantine social, eco-
nomic and cultural resilience in the face of both climate change as
well as other systemic or conjunctural pressures requires more
detailed research into the underlying mechanisms and the exact
nature of the causal relationships between human and natural
environmental factors.
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