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Summary: After a successful conquest of large parts of Syria in 1258 and 1259 CE, the Mongol army lost the battle of “Ayn
Jalat against Mamluks on September 3, 1260 CE. Recognized as a turning point in world history, their sudden defeat triggered
the reconfiguration of strategic alliances and geopolitical power not only in the Middle East, but also across much of Eurasia.
Despite decades of research, scholars have not yet reached consensus over the causes of the Mongol reverse. Here, we revisit
previous arguments in light of climate and environmental changes in the aftermath of one the largest volcanic forcings in the
past 2500 years, the Samalas eruption ~1257 CE. Regional tree ring-based climate reconstructions and state-of-the-art Earth
System Model simulations reveal cooler and wetter conditions from spring 1258 to autumn 1259 CE for the eastern Mediterra-
nean/Arabian region. We therefore hypothesize that the post-Samalas climate anomaly and associated environmental variability
affected an estimated 120,000 Mongol soldiers and up to half a million of their horses during the conquest. More specifically,
we argue that colder and wetter climates in 1258 and 1259 CE, while complicating and slowing the campaign in certain areas,
such as the mountainous regions in the Caucasus and Anatolia, also facilitated the assault on Syria between January and March
1260. A return to warmer and dryer conditions in the summer of 1260 CE, however, likely reduced the regional carrying capac-
ity and may therefore have forced a mass withdrawal of the Mongols from the region that contributed to the Mamluks’ victory.
In pointing to a distinct environmental dependency of the Mongols, we offer a new explanation of their defeat at “Ayn Jalat,
which effectively halted the further expansion of the largest ever land-based empire.

Zusammenfassung: Am 3. September des Jahres 1260 n. Chr. unterlagen die berittenen Mongolen erstmals in ihrer iberaus
erfolgreichen territorialen Westexpansion gegen die von Stiden aufmarschierenden Mamluken in der Schlacht von Ayn Jalat.
Diese Niederlage im heutigen Israel markiert einen welthistorischen Wendepunkt, in Folge dessen das Machtgefiige nicht nur
im Mittleren Osten, sondern ber ganz Eurasien neukonfiguriert wurde. Gleichwohl der geopolitischen Relevanz und trotz
zahlreicher Erklirungsversuche ist es Wissenschaftlern bis heute nicht gelungen, die Niederlage der Mongolen bei cAyn Jalat
iberzeugend zu erkliren. In der vorliegenden Studie berticksichtigen wir raumzeitlich hochaufgeléste Klima- und Umweltver-
anderungen nach dem Ausbruch des indonesischen Vulkans Samalas circa 1257 n. Chr. Sowohl die jahrringbasierten Rekonst-
ruktionen, als auch die Klimamodelle deuten auf eine starke Abkithlung und generell feuchtere Bedingungen von 1258 bis 1259
hin. Die durch einen der wohl groB3ten Vulkanausbriiche der letzten 2500 Jahre ausgelosten Klimaschwankungen miissen als
wichtiger Faktor fiir die Verzégerung des Mongolenfeldzuges mit seinen geschitzten 120,000 Kriegern und bis zu einer halben
Million Pferden angesehen werden. Kiihlere und feuchtere Bedingungen haben demnach die Eroberung weiter Teile Syriens
zwischen Frithjahr 1258 und Herbst 1259 begiinstigt, wohingegen die Riickkehr zu einem wirmeren und trockeneren Klima im
Sommer 1260 n. Chr. die Mongolen schwichte und somit wohl zu ihrer Niederlage bei ‘Ayn Jalut beitrug. Unsere Studie ver-
deutlicht die starke Abhingigkeit der mongolischen Kavallerie von Umweltfaktoren und liefert einen neuen Erklirungsansatz
fur ihr Scheitern in Syrien, was letztlich eine weitere Expansion der gréiten Landmacht verhinderte.

Keywords: climate shocks, Eurasian steppe empires, human-environment interaction, model simulations, Mongol empire,
proxy reconstructions, Samalas eruption, volcanic forcing

1 Introduction which the latter impacted the rise, development,

and demise of nomadic political formations (D1

The history of Eurasian steppe empires has
been the object of several recent studies that have
raised new questions and advanced new hypoth-
eses regarding the complex interaction between
human and natural factors (BUNTGEN et al. 2011,
2016; OPPENHEIMER et al. 2017), and the degree to

https:/ /doi.org/10.3112/erdkunde.2021.02.02

Cosmo et al. 2017, 2018; GANIEV and KUKARSKIH
2019). However, given that climatic variations are
usually examined in their long-term effects rather
than short-term shocks, it is exceedingly difficult
to establish the precise connection between climate
anomalies and their more or less immediate — direct
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and indirect — impact on historical events. Most
critical in this regard is the availability of precisely
dated natural and human archives (BUNTGEN and
OrpENHEIMER 2020), such as tree ring-based cli-
mate reconstructions and written historical sources.

The Mongol empire (1206—-1368 CE; all calen-
dar dates hereafter are Common Era) has a unique
place in world history as the largest continuous
empire ever created and most powerful force ruled
by pastoral nomads. Recent scholarship has fo-
cused on past climate variability in relation to the
Mongols’ reliance on the resources of the pastoral
economy and their dependency on grassland pro-
ductivity. In their military campaigns the Mongols
relied on thousands of small but resilient horses
(on average five per soldier), which needed to be
fed and watered on local pastures wherever the
army went. Seasonality played a central role in the
planning of campaigns, based on the animals’ life
cycle and the availability of pasture. In their move-
ments, the Mongols also exploited different altitu-
dinal zones to compensate for climate variations
that were cither too warm or too cold, and may
thus compromised the health of both people and
horses. The Mongol campaigns and their objectives
were therefore closely dependent upon the carry-
ing capacity of the land and other biogeographic
factors, such as topography, vegetation and water
supply. Previous studies successfully assessed the
environmental impact of climate variability on
the history of the Mongol empire (PEDERSEN et al.
2014; BuNTGEN and D1 Cosmo 2016; PUTNAM et al.
2016).

Here, we present a new interpretation of the
Mongol campaign in Syria between 1258 and 1260
in the light of climate and environmental variabil-
ity in the aftermath of the Samalas volcanic erup-
tion circa 1257 (Fig. 1). Based on high-resolution
ice core evidence of bi-polar sulfate accumulations
(S1GL et al. 2015), the Samalas eruption was most
likely the largest volcanic event in the past 2,500
years, which possibly caused distinct regional- to
large-scale summer cooling and precipitation sur-
plus in the first years after the eruption (WADE et
al. 2020; GuiLLET et al. 2017; STOFFEL et al. 2015;
BUNTGEN et al. 2017, PIERMATTET et al. 2020). The
examination of the Mongols’ advance into Iran,
Iraq, Syria and Palestine shows that climate and en-
vironmental factors may have played an important
role in critical choices made by Hiilegii, the Mongol
chief commander, and his generals in the timing
and deployment of military resources. While the di-
rect impact of environmental factors remains hypo-

thetical, the combined paleoclimatic and historical
evidence now suggests, for the first time, that both
the Mongol invasion of Syria and the subsequent
withdrawal of the bulk of their army were affected
by extraordinary climate conditions after one of the
largest volcanic eruptions of the past 2,500 years.

2 Materials and methods

2.1 Proxy reconstructions, model simulations
and re-analysis data

Since our study at the interface of past climate
variability and human history requires annual dat-
ing precision (BUNTGEN and OPPENHEIMER 2020),
we restricted our proxy evidence to tree-ring re-
cords that provide the necessary temporal resolu-
tion. Although not directly representing the area
of interest, for which no such records cover the
mid-13"™ century, we used three regional tree ring-
based summer temperature reconstructions from
the Spanish central Pyrences (BUNTGEN et al.
2017), the Swiss Alps (BUNTGEN et al. 2006), and
the Russian Altai (BUNTGEN et al. 2016), as well as a
most recent dendro-based Eurasian-wide summer
temperature reconstruction (BUNTGEN et al. 2020).
Furthermore, we used five tree ring-based recon-
structions of warm-season hydroclimate variability
from Morocco (EspER et al. 2007), Greece (Cook
et al. 2015; KrippEL et al. 2018; EspER et al. 2021),
and Turkey (GRriGGs et al. 2007). Information from
the individual temperature and hydroclimate re-
constructions is restricted to the corresponding
growing season, which is best averaged over the
June—August period. While all reconstructions are
expected to be most accurate on interannual to
decadal time-scales, some of the hydroclimatic re-
cords might be limited in preserving low-frequen-
cy variations. However, this possible constraint is
not important for our study, which focuses on the
year-to-year variability between 1256 and 1260. It
should be further noted that the summer tempera-
ture reconstructions generally explain more vari-
ance over relatively larger spatial domains, whereas
the hydroclimatic reconstructions are associated
with wider uncertainty ranges and overall small-
er areal validity, which is associated with a lower
spatial de-correlation distance and co-variability
(BUNTGEN et al. 2010).

In order to validate our regional proxy evi-
dence and provide additional paleoclimatic insights
with seasonal resolution, we used the comprehen-
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sive Harth System Model (ESM) simulations from
the PMIP3 repository on the Earth System Grid
Federation (https://esgf-data.dkrz.de/projects/
esgf-dkrz/). We restrict ourselves to the analyses
of two ESMs related to CCSM4 and MPI-ESM-P
forced with the PMIP3 protocol. The CCSM4 model
(LANDRUM et al. 2013) consists of the Community
Atmospheric Model 4 (CAM4). The original hor-
izontal resolution is 1.258° latitude x 0.98° longi-
tude with 26 vertical layers. The ocean model is
the Parallel Ocean Model version2, with a 1° hori-
zontal resolution, increasing in latitude from 0.54°
at 33° North towards 0.27° at the equator. The
ocean model has 60 vertical levels. The land mod-
el refers to the Community Land Model 4 (CLM4),
including submodules for hydrology, land use and
carbon—nitrogen biogeochemistry. For this con-
figuration, only one realization implementing the
volcanic forcing by Gao et al. (2008) is available.
Solar activity changes are based on VIEIRA et al.
(2011), and the land-use changes are taken from
PONGRATZ et al. (2008). The MPI-ESM-P-LR model
(G1ORGETTA et al. 2013) consists of the atmospher-
ic component ECHAMG and the ocean component
MPI-OM. The horizontal resolution of ECHAMOG
is T63 (approx.1.9° horizontal resolution) with
47 vertical levels. The MPI-OM is integrated on a
curvilinear bipolar grid (~1.5° resolution near the
equator) with 40 vertical levels. The land model is
JSBACH, allowing for an interactive simulation of
vegetation and land cover changes. For the simu-
lations under investigation, pre-scribed vegetation
maps from PoNGratz et al. (2008) are used. For
the MPI-ESM-LR, three ensembles are analyzed
(JunGcraus et al. 2014), with realizations 2 and 3
not being official part of the CMIP5/PMIP3 re-
pository. The differences in the realizations relate
to differences in initial conditions in the year 850
when the model simulations start. All simulations
are forced with the same protocol of the first re-
alization. Specifically, changes in volcanic activity
are based on the CROWLEY and UNTERMANN (2013)
dataset. Changes in solar activity are also based on
the reconstruction of ViERrIa et al. (2011).

The data we use for producing climatology
fields for present-day climate over the eastern
Mediterranean and Arabian region are based on
the ERA40 reanalysis project (UppaLA et al. 2005).
The advantage of this dataset is that, in addition
to meteorological station information, it uses as-
similation of satellite imagery produced by the
European Centre for Medium-Range Weather
Forecasts (ECMWF). This is especially important

for investigations over regions with a sparse obser-
vational network. We downloaded monthly mean
values for near-surface temperature and total pre-
cipitation, with the latter consisting of convective
and stratiform contributions. We chose the 1959—
1990 period as a climatological reference period
for both the summer (April-September) and the
winter (October—March) half year. The rationale
in presenting the present-day climatology is to un-
derpin the strong regional and seasonal deviations
of near-surface temperature means and precipita-
tion totals caused by the Samalas eruption ~1257,
and to provide a comparison for the paleo-model
simulations.

2.2 Historical documentary evidence

The Mongol invasion of Syria has been docu-
mented in a variety of sources (Fig. 2), predomi-
nantly Arabic and Persian ones. In the present
study we have consulted relevant passages from
the following works, which have been examined
largely through established translations and sec-
ondary works. A major source is the Compendinm of
Chronicles (Jami'ut Tawarikh/ Jami’ al-Tawarikh) by the
Ilkhanid court historian RasHiD Ap-DiN (1247—
1318), of which we have both Persian and Arabic
manuscripts (THACKSTON 2012). Another essential
Persian source is the work by ATA-MALIK JUVAINI
(1226-1283), a contemporary of the Mongol con-
quest who was with Hiilegti during the expedition,
and wrote the Tarikh-i Jahangushay (History of the
World Conqueror) detailing the Mongol conquest
(BoyLE 1958). An Arabic source is the history
of Egypt by the Mamluk historian AL-MAKRIZI,
which is his history of Ayyubid and Mamluk rul-
ers, translated by Etienne QUATREMERE (MAKRIZI
1845). The Syriac Chronography by Gregory Bar
HEeBRAEUS (1226-12806) also provided some valua-
ble information (HEBrRAEUS 1932). The work by the
Armenian historian Kirakos GANJAKETS’T was also
consulted (BEDROsIAN 1986). A Latin source that
is central to this article is a letter sent by Hilegi,
whose text has survived (MEYVAERT 1980). Other
wotks consulted but not cited because no suffi-
cient evidence was found were the Persian chroni-
cle by the Illkhanid historian WassAr (f7. 1265—
1328), Tarikh-i Wassaf), or the Gestes des Chiprois (in
old French) as well as other works such as the geo-
graphical and historical sources by the Armenian
HayToN oF Korykos, known as LLa Flor des Estoires
d’Orient (Flos Historiarum Terre Orientis).
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Fig. 1: The Mongol campaign in Iran, Iraq and Syria in the mid-13th century. (A) Geographical characteristics of the prepa-
ration, departure and travel of the Mongols from Karakorum to Bistam between 1252 and 1256. The green star indicates the
location of “Ayn Jalat. The red circles refer to the location of three regional tree ring-based summer temperature reconstruc-
tions in the Pyrenees, Alps and Altai. The dashed frame indicates the spatial domain of a tree ring-based Eurasian summer
temperature reconstruction, and the blue circles refer to the location of five regional tree ring-based warm-season hydrocli-
mate reconstructions from Morocco, Greece and Turkey. (B) A more detailed view on the Mongol campaign in the Middle
East between fall 1256 and September 1260. Numbers in the maps refer to sites of the Mongol campaign. For details, refer
to Tab. 1. Base map source: https:/ /www.naturalearthdata.com.

3 Results and discussion

3.1 Reconstructed and simulated climate chang-
es and environmental responses

Three regional tree ring-based summer tem-
perature reconstructions from the Spanish cen-
tral Pyrenees (BUNTGEN et al. 2017), the Swiss

Alps (BUNTGEN et al. 2000), and the Russian Altai
(BUNTGEN et al. 2016), as well as the most recent
dendro-based FEurasian-wide summer tempera-
ture reconstruction (BUNTGEN et al. 2020) indicate
a sharp temperature depression in the growing
season of 1258 (Fig. 3A). While the reconstructed
warm-season temperatures in the Pyrenees and
Alps are almost back to normal in 1259 and 1260,
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Tab. 1: Synthesis of chronological and geographical information of the Mongol campaign in the Middle East in the 1250s
(see Fig. 1A-B for further information).

Fig. 1 Date Event Location Region

1 1252 to 1254 preparation inner Burasia Mongolia

2 fall 1254 departure Karakorum Mongolia

3 1254 to 1255 travel Zaysan Kazakhstan

4 1254 to 1255 travel Ayagoz Kazakhstan

5 1254 to 1255 travel Almaty Kazakhstan

6 summer 1255 travel Almalyk Uzbekistan

7 fall 1255 travel Samarkand Uzbekistan

8 1 Jan 1256 river crossing Amu Darya Uzbekistan

9 late winter 1256 travel Sheberghan Afghanistan
10 spring 1256 travel Tun eastern Iran

11 summer 1256 travel Tus eastern Iran

12 2 Sep 1256 arrival Bistam north-central Iran
13 fall 1256 campaign Bistam north-central Iran
14 7 Nov 1256 attack Alamut western Iran
15 winter 1256 to 1257 basecamp Qazvin western Iran
16 26 Apr 1257 arrival Dinavar north-west Iran
17 spring 1257 basecamp Mughan north-west Iran
18 Sep 1257 travel Tabriz western Iran
19 Sep 1257 travel Hamadan western Iran
20 19 No 1257 departure Hamadan western Iran
21 22 Jan 1258 arrival Baghdad northern Iraq
22 Mar 1258 departure Baghdad northern Iraq
23 Mar 1258 travel Tabriz western Iran
24 fall 1258 attack Mayyafarigin castern Turkey
25 winter 1258 to 1259 pause Mayyafariqin eastern Turkey
26 summer 1259 revolt Caucasus Georgia

27 Sep 1259 departure Mughan north-western Iran
28 fall 1259 campaign Jazila eastern Sytia
29 fall 1260 reinforcement Mayyafariqin castern Turkey
30 Dec 1259 river crossing Euphrates northern Syria
31 15 Jan 1260 siege Aleppo western Syria
32 Feb 1260 surrender Damascus southern Syria
33 Mar 1260 siege Mayyafariqin eastern Turkey
34 7 Jun 1260 travel Akhlat castern Turkey
35 summer 1260 arrival Azerbaijian north-western Iran
36 summer 1260 attack Sidon Lebanon
star 3 Sep 1260 battle ‘Ayn Jalat Israel
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Fig. 2: Mongols besieging Baghdad in 1258. Source: Jami‘ al-tawarikh [Compendium of
Chronichles] by Rasid al-Din Fazlullah Hamadani, c.1430-1434 [1307]. Bibliothéque nationale
de France. Département des Manuscrits. Supplément Persan 1113, fol. 180v-181. Public do-
main: https://commons.wikimedia.org/wiki/File:Bagdad1258.jpg

the corresponding estimates from the Altai and the
Eurasian-wide network reveal a slightly longer sum-
mer cooling until at least 1259. Five independent tree
ring-based estimates of warm-season hydroclimate
from Morocco (Esper et al. 2007), Greece (Cook
et al. 2015; KrippEL et al. 2018; Esper et al. 2021),
and Turkey (GRIGGS et al. 2007) reveal overall wetter
growing season conditions from 1259-61 (Fig. 3B).
Interestingly, two records from Greece suggest rela-
tively dry summer conditions in 1258. While the re-
constructed, regional to larger-scale summer cooling
in 1258 is remarkable in the context of 13™-century
temperature variability (Fig. 4A), the tree ring-based
evidence for wetter growing seasons in the aftermath
of the Samalas eruption is not exceptional when com-
pared to the range of natural hydroclimatic changes
between 1200 and 1300 (Fig. 4B).

Given the limited quality and quantity of the
available annually resolved and absolutely dated cli-
mate proxy data for the 13" century in the Middle
East (LUTERBACHER et al. 2020) monthly resolved
climate model simulations are needed for the period
1256-1260 to provide a more pronounced picture of
the direct and indirect effects of climate and envi-
ronmental change on the Mongol’s conquest of Syria
and defeat at “Ayn Jalat. In line with historical and
proxy evidence, one realization of the CCSM4 sim-
ulation exhibits exceptional cooling in the Middle

East for the summer half year (April-September)
of 1258-60 (Fig. 5). The coolest simulated half-
year anomaly of up to 7 Kelvin occurs in the winter
(October—March) of 1258-59 over much of Europe
and the larger Mediterranean region. This is the peri-
od in which the Mongol army remained stationary in
northern Iran, and difficulties were met in the siege
of Mayvyafariqin.

The simulation also shows wetter than average
conditions from the fall of 1258 to the spring of 1260
over the Middle East. The simulated CCSM4 precip-
itation pattern is consistent with historical evidence
of environmental changes, supporting the fact that
the surplus in precipitation throughout the summer
half year was favorable to support the large number
of Mongol soldiers, horses and livestock in the af-
termath of the Samalas eruption in the Middle East
(Fig. 6). In addition, three ensemble simulations of
the MPI-ESM-P model confirm the general tempera-
ture and precipitation response to the eruption (see
Supplement 11, Figs. S1-S6 for details). The precip-
itation patterns are less clear cut, especially within
the three-member ensemble of the MPI simulations
(Supplement 11, Figs. S4—86). This is in line with the
overall limitations of Earth System Models to simu-
late precipitation patterns realistically in space and
time. This caveat is most pronounced in those simu-
lations that do not contain explicit data assimilation.
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Figure S1. Simulated temperature anomalies from winter 1256—57 to summer 1260. Based on the MPI-ESM-

P_r1 model, maps on the left and right sides refer to the six-month average winter (October—March) and sum-
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Fig. 4: Reconstructed climate variability of the 13th century. (A) The red lines are three regional tree ring-
based summer temperature reconstructions from the Spanish central Pyrenees, the Swiss Alps, and the Rus-
sian Altai, whereas the dashed red line refers to Eurasian-wide summer temperature changes. (B) The blue
lines are five regional tree ring-based hydroclimatic reconstructions from Morocco, Greece, and Turkey. The
grey shading refers to the post-Samalas climate anomaly between 1257 and 1260.
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Fig. 5: Simulated temperature anomalies from winter 1256—57 to summer 1260. Based on the CCSM4 model, maps on the left
and right sides refer to the six-month average winter (October—-March) and summer (April-September) summer seasons,
respectively. All values are in Kelvin, and expressed as anomalies to the pre-Samalas period 1225-1254 (see Supplement II,
Figs. §1-83 for comparable model output). The green star indicates the location of ‘Ayn Jalat.
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Fig. 6: Simulated precipitation anomalies from winter 1256—57 to summer 1260. Based on the CCSM4 model, maps on the left
and right sides refer to the six-month average winter (October—March) and summer (April-September) seasons, respective-
ly. All values are in millimeter per month, and expressed as anomalies to the pre-Samalas period 1225-1254 (see Supplement
I1, Figs. S4-S6 for comparable model output). The red star indicates the location of °Ayn Jalut.
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Fig. 7: Recent climatology. Mean climate conditions for near-surface temperature (left) and total precipitation (right) for the
winter half (upper) and the summer half (lower) season for the ERA40 re-analysis data for the period 1960-1990. Note the
very hot and dry summers over the region of Iraq and Syria during summer and the very low temperature during the winter
season over the northern mountain chains. For the summer season, very dry conditions prevail in the present-day climate

over the fertile crescent.

The overall differences in the simulated temperature
amplitude likely result from different strengths of
the volcanic forcing used (CROWLEY and UNTERMAN
2013; Gao et al. 2008). For MPI-ESM-P simulations,
volcanic reconstructions of Aerosol Optical Depth
(AOD) based on CrowLEY and UNTERMAN (2013)
were used, whereas for CCSM4 the reconstruction of
Gao et al. (2008) was implemented. The difference is
approximately a 30% increased AOD values for Gao
et al. (2008) compared to CROWLEY and UNTERMAN
(2013). This needs to be considered when comparing
results from the different model simulations, espe-
cially concerning the magnitude of climatic changes
in the aftermath of the Salamas eruption. However,
consideration of the direct output from global cli-
mate models, even on an annual transient basis, is
justified by the by the estimated magnitude of the

Samalas eruption (VIDAL et al. 2016). Eruptions of
this size exert a pronounced impact on global cli-
mate and circulation patterns, which should be re-
flected coherently in different model simulations.
Although a coherent picture of cooler and wetter
conditions from approximately the summer of 1258
to the spring of 1260 is drawn for the greater Syrian
region from independent lines of proxy and model
evidence, caution is advised since the tree ring-based
reconstructions are limited to the warm season and
associated with large uncertainty ranges, and none of
the ensemble model simulations can reproduce the
exact evolution of the Earth’s climate system due to
the presence of internal climate variability.

To put the historical information into context,
the present-day climate conditions represent an im-
portant factor to set the stage for environmental
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conditions, framing human activities, and influenc-
ing the strategy and fate of the Mongol army with
profoundly changed conditions in the aftermath
of the Samalas eruption in the middle of the 13™
century. For the 2m-temperatures strong horizon-
tal contrasts are evident over the focus region be-
tween the highlands of the Caucasus and northern
region, and the low-lying region of Iraq and Syria
(Fig. 7). This thermal contrast is pronounced dur-
ing the winter half year, when the strong continental
climate of the western interior of Eurasia is control-
ling the mean temperature pattern. For the summer,
the general north-south contrasts are still evident,
although their strength is strongly reduced because
of high solar insolation with low cloud cover over
the continental parts and the increase in the conver-
sion from direct solar radiation into sensible heat.
The precipitation pattern over the region of interest
shows even stronger gradients between the regions
north of Iraq and the Fertile Crescent extending into
Syria. Year-round precipitation values are very low
and are mostly due to winter half year precipitation.
For this situation, it is important to notice the eco-
logical consequences to support large troops with
very little water supply, especially during the hot and
dry summer season. Other salient territorial features
in relation to the requirements of the Mongol army
concern altitude and pasture.

Inferences regarding the impact of climate vari-
ability and overgrazing on semiarid regions are based
on ecological research. First, numerous studies have
shown that available moisture is the main driver of
productivity in drylands (L Hougrrou et al. 1988;
SuLLivaN and RuoDE 2002). This means that while
rising temperatures and below-average precipitation
reduce the overall production of grass, cooler tem-
peratures reduce evapotranspiration, and more abun-
dant precipitation increases above-ground biomass
(Kcosikoma and Batisant 2014; Han et al. 2018).
Intensive stockbreeding, leading to overgrazing, is
held as a major cause for the depletion of the steppe
rangelands in Algeria (MARTINEZ-VALDERRAMA et
al. 2018), and current studies on the Syrian steppes
(Badia) have likewise identified overgrazing as a
major cause of land degradation (LLOUHAICHI et al.
2012; LounaicHr AND Tastap 2010). The negative
impact of overgrazing in various climatic regimes
has also been shown in the semiarid steppes of Inner
Mongolia (ZHAO et al. 2005; Q1 et al. 2011), north-
ern China (WIESMEIER et al. 2012; Han et al. 2018),
as well as other grasslands (GariBALDI et al. 2007,
ABDULAHI et al. 2016), even though thresholds apply
(X1t and SHA 2012). Based on these studies, it can be

concluded that while the Syrian steppe gained from
climatic cooling associated with the Samalas erup-
tion in 1258—1259, intense grazing due to the sudden
introduction of large numbers of herbivores in early
1260, coupled with a return to a regime of low rain-
fall and high levels of evapotranspiration, not only
exhausted available pastoral lands, but required a
substantial reduction of the livestock to allow them
to recover. Such a recovery could not have been
achieved without a withdrawal of the larger part of
the military herds.

3.2 Climate and environmental context of the
Mongol invasion of Syria and defeat at
‘Ayn Jalat

The logistical complexity of the Mongol cam-
paign in the Middle East (Fig. 1) can be appreciated
from the two-year-long preparations that preceded
Hilegt’s departure from Mongolia in the fall of
1254 (BoyLE 1958). No figure is given for the size of
the Mongol army at the start of the campaign, except
that it included one-fifth of the ‘Eastern and Western
armies’ (BoyLE 1958), which is difficult to estimate.
However, the size of the Mongol army in the inva-
sion of Khwarezmia in 1219, with a2 much small-
er population base, was around 100,000 (MARTIN
1950). Moreover, considering the multi-year prepara-
tion, and an estimated size of the army that assault-
ed Baghdad in 1258 of about 150,000 (SmrtH 20006)
- even though this included Mongol troops previ-
ously stationed in Iran and Anatolia - it is unlikely
that Hilegti’s army could have had less than some
120,000 warriors and about 600,000 horses (five per
soldier).

The Mongol army proceeded slowly across
Kazakhstan and into central Asia, reaching
Samarkandinthe fall of 1255, crossing the AmuDarya
in January 1256 and then stopping in Afghanistan,
where they met a frigid winter (THACKSTON 2012).
The army resumed traveling in the spring of 1256,
crossing into Iran and veering to the north, towards
Khorasan (Tab. 1, 1-11). Tracing the progtress of the
Mongol army from its departure point to north-cen-
tral Iran, we can see that it advanced across different
biogeographic and climatic zones, which presented
a wide range of challenges and imposed a careful
choice of the route and resources to ensure that the
horses could be fed and watered regularly and suf-
ficiently (Ports 2014). Tactical planning, based on
seasonality of movements and available pastureland,
imposed flexibility to account for regional varia-
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tions. In the last instance, the success or failure of
the Mongols depended to a large extent on their
careful balancing of the forces required to achieve
their strategic objectives in relation to the available
resources, which is to say, how many soldiers, horses,
and livestock a given task would require and a given
territory could support, and for how long. The speed
of advance was relatively modest, on average about
15 miles per day, mostly due to long pauses between
movements (SMITH 2006). Changes in weather and
topography clearly affected Mongol operations.

The route of the Mongol army into and across
Iran in 1256-57 followed the pastures available
along the alpine slopes of the Kopet-Dag mountain
chain in Khorasan (Fig. 1A; Tab. 1, 11-12), located
to the north of the deserts of central Iran. The army
then wintered in areas rich in grassland, such as the
Qazvin region (winter of 1256-57). The military
operations against the Ismaili sect of the Assassins,
in the mountainous area of Maymun Diz, began in
early November 1256 and were timed to be complet-
ed before the onset of winter, although the Ismailis
tried to slow the Mongols down, probably to take
advantage of the cold weather (THAcksTON 2012)
(Fig. 1B; Tab. 1, 13-16).

The main base of operations of the Mongol army
was eventually established in the Mughan steppes
(Tab. 1, 17), in today’s Iranian Azerbaijan, a region
that had previously been occupied by the forces of
the main Mongol commander in the region, Baiju
(Jackson 2017; DasHpoNDOG 2010). Although this
is a region that may have been able to accommodate
several million animals, based on recent estimates
(ArizapeH 2007), it is possible that the arrival of
Hilegii’s large army saturated the region’s available
pasture, since Baiju was forced to move his troops to
a new base in Anatolia (PorTs 2014; DASHDONDOG
2010). In the summer and fall of 1257 the Mongol
army deployed between Tabriz and Hamadan. The
grasslands in the Zagros Mountains as well as other
pastoral areas may have supported the Mongol army
in preparation of the campaign against Baghdad,
which began in November 1257. This timing is espe-
cially significant because it coincides with peak con-
dition of horses fed on summer pastures at higher
clevations and with the fall of temperature in espe-
cially arid zones, such as Iraq (Tab. 1, 18-22).

After marching and arranging the various
Mongol forces for two months, Hilegii ordered
separate armies to converge on Baghdad in January
1258 (Fig. 2). The total Mongol force may have
amounted to 150,000 soldiers, and presumably
over half a million horses, including Armenian,

Georgian, and local Muslim allies (SmrtH 2000).
The region must have been able to sustain several
hundred thousand horses for the duration of the op-
erations, until March, when Hiilegii and the largest
part of the army withdrew to Iran along the same
route through Hamadan and Tabriz, near which he
established the capital of Maragha. As we can see,
the seasonal pattern of Mongol operations was ad-
justed to the climatic characteristics of the place,
preferring to fight in winter and withdrawing in the
spring. The region around Baghdad, because of the
extensive water system and fertile lands, was pre-
sumably able to support a large army without suf-
fering too much from environmental depletion. The
fall of Baghdad put an end to the Abbasid Caliphate,
and the Caliph himself Al-Mustas’im was executed.
The impact of the Mongol victory on the Islamic
world was enormous. The Mongols remained in
control of the region after various notables surren-
dered and thereafter the bulk of the army returned
to Iran. During the winter, uncharacteristically,
Hilegti’s army remained stationary in Azerbaijan
for over a year, from the summer of 1258 to the fall
of 1259 (Tab. 1, 23).

Historical evidence points to worsening climatic
conditions during the same period. Several sources
mention famines and food shortages in 1259 and
1260 (Maxriz1 1845, 11: 81-82; HEBRAEUS 1932, 431,
436-437). Moreover, popular rebellions against ex-
cessive Mongol taxation in the kingdom of Georgia
in 1259 are a significant indicator of extreme eco-
nomic hardship (LANE 1999). Extensive famines
and rebellions are indicative of food shortages due
to crop failures possibly caused by colder and wetter
climate that affected in particular mountainous ar-
eas in the Caucasus (Tab. 1, 26). Further evidence of
possible climatic change is provided by one the few
military failures. Around the end of 1258 a Mongol
army was sent to take the stronghold of Mayyafariqin
in Upper Mesopotamia (the Jazira), which managed
to hold out until the spring of 1260 (AMITAI-PREISS
2011) (Fig. 1B and Tab. 1, 24-25, 29). The unusu-
ally long siege encountered enormous difficulties,
and while stiff resistance is acknowledged, climate
conditions appear to have played a significant role
on both sides. The Mongols at some point had to
withdraw because the cold temperature caused sup-
ply shortages and high horse mortality (AMEDROZ
1902). At the same time, the besieged inhabitants of
the town were dying from lack of food (MAKRIZI
1845, 1I: 81-82) and the intense cold, either in the
winter of 1258-59 or 1259-60, the timeline is not
clear) (BEDROSIAN 1980).
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Increased precipitation through 1258 and 1259
was beneficial to the grass productivity of the
Syrian steppes, since normally semiarid conditions
temporarily turned to a more temperate climate.
Therefore, in the specific case of the invasion of
Syria in 1259-60, lower temperatures and higher
precipitation during the summer season most likely
caused by volcanic forcing favored the ‘tsunami’
strategy (May 2016), by allowing a greater number
of horses than the region would normally support,
albeit for a short period. While the region remained
unsuitable for feeding hundreds of thousands of
horses for a long period of time, under climatic miti-
gation it supported temporarily a large army. On the
downside, such an army severely depleted the land
through overgrazing, and a return to hot conditions
posed strict limits on the horses (and livestock) that
could be supported. This conclusion can be inferred
from recent studies that have formalized environ-
mental responses to climatic variability in relations
to grasslands and pastoral resources, (DANGAL et
al. 2017, 2037-40; ALEMAYEHU and FANTAHUN 2012;
Kcosikoma and Batisani 2014; BEGSZSUREN et al.
2004). As mentioned in section 2.4, semi-arid envi-
ronments show great sensitivity of both temperature
and rainfall changes, which affect biomass produc-
tion, and thus carrying capacity. Pastures can be
negatively affected by overgrazing if the number of
herbivores to be fed is greater than the carrying ca-
pacity, thus further reducing available resources.

Hilegti left his base in the Mughan steppes in
September 1259 and began the invasion of Syria by
taking a string of cities in the Jazira region (Tab. 1,
27-28) (Amrtar 1987). Some of the areas in this region
appeared to be especially verdant in the fall of 1259,
a fact that may indicate above average rainfall during
the summer of that year (BovyLe 1968). After a series
of successful operations against the cities of what is
today south-eastern Turkey and northeast Syria, the
Mongol army crossed the Euphrates in early January
1260, thus repeating the seasonal pattern of the at-
tack against Baghdad to avoid operations possibly
lasting into the summer. Although some sources
speak of as many as 120,000 soldiers (JacksoN 1980),
the Mongol army probably included only about
60,000 Mongol soldiers and several thousands of
auxiliaries, including Armenian, Georgian, Muslim
and Western BEuropean warriors, with horses that
may be estimated around 300,000 (AmiTAI-PREISS
1995; SMITH 1984). On January 25, Aleppo fell after
a week’s siege, and Damascus was taken in February
(Fig. 1B). In March or April, the bulk of Hilegt’s
army returned to Iran, leaving in Syria according

to most estimates, between 10,000 and 20,000, but
most likely closer to the lower figure (SMITH 1998,
Jackson 1980; Jackson 2005, 120; ScuuTz 1991;
THORAU, 1985) led by Ketbuga, Hiilegii’s most expe-
rienced and valued commander (Tab. 1, 30-30).
While Hiilegii stated in a letter to Louis IX that
he had left Syria because the pastures had been ex-
hausted, it is remarkable that his army could oper-
ate for as long as it did in northern Syria (MEVYAERT
1980; RicuARD 2005; MORGAN 1985). It is, however,
difficult to estimate how many soldiers and horses
could have been supported by the available pas-
tures, in the northern Syrian steppes. A recent study
(Mawraw! and TawiL 1990), estimates the total num-
ber of horses bred in Syria in 1983 at 50,000. While
we cannot make a direct comparison with the envi-
ronmental characteristics of 1260, and while other
estimates may be somewhat higher (AMITAI-PREISS
1995; SmitH 1984), it is likely that the horses left in
Syria were the most that the region could support,
especially considering that the land had been previ-
ously depleted by the impact of the campaign, and
that other animals raised by local pastoralists, such
as sheep and camels, were using the same resources.
In the spring and summer of 1260 Ketbuga con-
ducted a series of military operations to suppress lo-
cal rebellions and consolidate Mongol political and
military control (AmiTal-PrEISs 1995). These opera-
tions did not require massive military power and
could be easily managed with the forces at hand.
Over the summer, however, the Mamluk Sultan
Qutuz managed to put together a military force by
unifying till-then divided civil and military leaders
from Egypt and Syria. This force, probably amount-
ing to 12,000-15,000 Mamluk soldiers, marched
northward into Palestine (JacksoN 1980; AMITAI-
Prerss 1995; SMITH 1984), where they received
logistical support from the Franks (Crusaders) in
Acre. Early skirmishes were fought with a Mongol
detachment under Baidar, who withdrew temporar-
ily while Ketbuqa hurriedly gathered the Mongol
army scattered around Damascus. He reached the
arca of “Ayn Jalat, near the Jezreel Valley, possibly
because the area was rich in water and grass for the
horses (Fig. 1B, star; Fig. 2B; Tab. 1, 37), with a force
that comprised around 10,000 soldiers, and possibly
tired (Scnutz 1991). The armies met in battle on 3
September 1260, when the Mongols were defeated
and routed after a day of fierce combat and the death
of Ketbuqa himself (AmrTal-Preiss 2017, 2021). On
the heels of their victory, the Mamluks proceeded to
rid Syria of any remaining Mongol presence. Later
wars by the Ilkhans (the Mongol dynasty ruling
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Iran) to recover Syria also resulted in defeat and the
establishment of a militarized frontier between the
two powers (AMITAI-PREISs 1999). Historians agree
that the low number of Mongol troops was a deci-
sive factor in the Mongol debacle and subsequent
Mamluk invasion of Syria, even though the betrayal
by coerced Syrian ‘allies’ on the battlefield (LEv1
DELLA VIDA 1935; AMrTal-PrEIss 1995), and the sup-
port offered by the Franks to Qutuz were contribut-
ing factors.

The Mongol so-called ‘tsunami strategy’ (MAay
2016, 11-37) consisted of bringing into a hostile re-
gion an overwhelming number of soldiers to subdue
the enemy, to be later withdrawn with the excep-
tion of a small force employed to establish control
and transition to civilian rule. This strategy was
used successfully in the attack against the Caliphate
in Baghdad and in the invasion of Syria. However,
given the massive logistical requirements, the carry-
ing capacity of the land was the determining factor
in planning the scale and timing of the military op-
erations. The success of the strategy was therefore
predicated on a meticulous balancing of territorial
resources, number of horses, and people mobilized.
In a semiarid climate, the timing was dictated by the
need to complete operations before the onset of the
hot and dry season, lasting from April to November.
This is why the major military operations against
Baghdad and in Syria were carried out in winter
(December—February). The same conditions of
cool and wet climate, however, had a different ef-
fect in the more mountainous region of northern
Iran, the Caucasus and parts of Anatolia, where they
prolonged and hampered the siege of Mayyafariqin,
and possibly immobilized part of Hiilegii’s army for
about a year (1258-59) (Amrrar-Preiss 2011). As a
point of comparison to assess the possible effects
of short-term climatic downturns in Syria, we may
consider that when Timur (Tamerlane) invaded Syria
in 1401, his army suffered a loss of 3,000 soldiers
caused by cold weather (RapHAEL 2013, 104). Such
a loss was evidently large enough to be regarded as
exceptional.

4 Conclusions

While our climatic analysis remains prelimi-
nary and not fully substantiated by spatially explic-
it proxy records, it is sufficiently clear to allow the
formulation of a hypothesis that may provide a new
understanding of the Mongol defeat at “Ayn Jalut.
Climate variability and environmental changes were

implicated in the following ways. First, colder con-
ditions may have been a primary factor in slowing
down the Mongol armies, and were responsible for
some of the difficulties in the military operations of
1258 and 1259. Secondly, and concurrently, increased
precipitation during the summers of 1258 and 1259
presumably boosted net primary productivity in the
normally semiarid regions of FEastern Anatolia and
Syria when the campaign resumed in late 1259, sup-
porting a greater number of animals. The above-
average availability of grass and water allowed the
Mongol army to field a larger number of horses and
soldiers than would have been possible under not-
mal conditions, taking control of the territory and
achieving their military objectives in a short time.
However, the large number of horses likely caused
the rapid depletion of land resources by overgraz-
ing, as reported in the above-mentioned letter by
Hilegi to the king of France. Third, the exhaustion
of pasturage and of concomitant return to warmer
and drier conditions allowed for support of only a
limited additional number of soldiers, who proved
sufficient to assert control over the region, but not to
resist the invasion of the well-trained Mamluk army.
Fourth, leaving a limited number of troops carried
political consequences, because intelligence about
the low number of Mongols was one of the main ar-
guments used by Qutuz to persuade Muslim officers
to join his anti-Mongol campaign (HEBrAEUS 1932).
Whether or not the Mongols might have foreseen the
Mamluk attack, their defensive capabilities could not
have exceeded the force assembled in Syria, which
represented their maximum potential in the region,
and the ultimate reason for their defeat.

Based on the close examination of the impact of
climate variability in the aftermath of the Samalas
eruption in ~1257 on the Mongol conquest of the
Middle East (1258—-60), we conclude that colder and
wetter conditions attributable to the largest volcanic
eruption in the past 2,500 years extended the reach
of the Mongol conquest into Syria, but overgraz-
ing, as well as a return to arid conditions, forced the
Mongols to withdraw most of their forces, contrib-
uting to their defeat by the Mamluks at “Ayn Jalut.
Combining high-resolution climate data from proxy
reconstructions and state-of-the-art model simula-
tions with evidence from documentary sources, this
study reveals hidden connections between histori-
cal and natural events, thus proposing a new inter-
pretation of an important event in world history.
Furthermore, without attributing causality to cli-
mate variability, we stress the connection between
environmental resources and their potential and ac-
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tual uses as a critical element in decision-making in
premodern societies, suggesting a direct linkage to
both territorial knowledge and the goals they aimed
to achieve.
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Simulated temperature and precipitation anomalies from winter 1256—57 to summer 1260 based on the MPI-ESM-P_r1 model
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Fig. S1: Simulated temperature anomalies from winter 1256—57 to summer 1260. Based on the MPI-ESM-P_r1 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in Kelvin, and expressed as anomalies to the pre-Samalas period 1225-1254.
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Fig. S4: Simulated precipitation anomalies from winter 1256-57 to summer 1260. Based on the MPI-ESM-P_r1 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in millimeter per month, and expressed as anomalies to the pre-Samalas period 1225-1254.

Fig. S2: Simulated temperature anomalies from winter 1256—57 to summer 1260. Based on the MPI-ESM-P_r2 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in Kelvin, and expressed as anomalies to the pre-Samalas period 1225-1254.
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Fig. 85: Simulated precipitation anomalies from winter 125657 to summer 1260. Based on the MPI-ESM-P_r2 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in millimeter per month, and expressed as anomalies to the pre-Samalas period 1225-1254.

Fig. S3: Simulated temperature anomalies from winter 1256—57 to summer 1260. Based on the MPI-ESM-P_t3 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in Kelvin, and expressed as anomalies to the pre-Samalas period 1225-1254.
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Fig. S6: Simulated precipitation anomalies from winter 125657 to summer 1260. Based on the MPI-ESM-P_r3 model, maps on the left and
right sides refer to the six-month average winter (October—March) and summer (April-September) summer seasons, respectively. All values
are in millimeter per month, and expressed as anomalies to the pre-Samalas period 1225-1254.





