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Raincheck: A new diachronic series of rainfall
maps for Southwest Asia over the Holocene
Zarina Hewett 1, Michelle de Gruchy 1, Daniel Hill 2 and Dan Lawrence 1

Fluctuations in climate have been associated with significant societal changes, both in the modern
day and in the past. In dryland environments such as much of Southwest Asia, rainfall is often used
as a proxy for soil moisture available for crop production, and in pre-industrial societies this is
assumed to directly relate to food production capacity and security. However, rainfall values are
commonly quoted in archaeological literature without further context. Variability between values
arising from different methods and timescales are rarely considered. This is important as small
changes in rainfall can have profound effects on the interpretation of sites and landscapes.
Here, we present a novel set of snapshot precipitation maps for Southwest Asia between the
years 10,240 BP and 300 BP, based on previously published natural archive data by Bar-
Matthews and Ayalon (2004) from Soreq Cave, and a newly derived modern rainfall map. The
modern map was created using station data from the years 1960–1990 and a geostatistical
interpolation technique applied across 14 separate zones. We outline the steps involved in the
creation of the maps and provide access to, and clear explanations of, the data and methods
used. Using the hindcasted maps, two case studies to highlight why a nuanced approach to
rainfall is required in the study of ancient societies are examined. Changes to the spatial extent
of the so-called ‘Zone of Uncertainty’ through time, as well as land suitable for rainfed
agriculture throughout time using a simple model are calculated. It is demonstrated that
relatively small fluctuations in rainfall can have a significant impact on the distribution of
moisture availability for the region. It is argued that archaeologists need to be aware of the
sources and limitations of the rainfall data used in their interpretations, and our map series is
offered as a baseline dataset.
Keywords rainfall, precipitation, Middle East, Near East, climate change

Introduction
Southwest Asia is dominated by dryland environ-
ments (Zohary 1973). Over the course of the
Holocene, the region experienced a series of signifi-
cant social transformations, including the emergence
of farming societies and the endogenous development
of cities, states and empires (Lawrence and Wilkinson
2015; Lawrence et al. 2017; Ur 2010; Yasur-Landau

et al. 2018). Climate changes, and especially shifts in
rainfall, have been seen as a significant factor in
social changes (e.g., Dalfes 1997; Faust and
Ashkenazy 2007; Fuks et al. 2017; Kaniewski et al.
2012; Kennett and Kennett 2006; Maher et al. 2011;
Ur 2015; Weiss et al. 1993; Wossink 2009).
Fluctuations in rainfall are generally (and often
implicitly) used as a proxy for soil moisture available
for crop production, and in pre-industrial societies
this is assumed to directly relate to food production
capacity and security. In the short term, ‘collapse’
events brought about by extreme weather changes
such as droughts have been posited as causally
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linked to declines in population, social complexity
and specific political systems (Kaniewski et al. 2015;
Kirleis and Herles 2007; Kuzucuoǧlu and Marro
2007; Weiss 2017; Weiss et al. 1993). Increased rainfall
has also been posited as a factor behind ancient settle-
ment in regions which today are considered marginal,
such as parts of Neolithic Arabia (Groucutt et al.
2020) or the so-called ‘Zone of Uncertainty’ at the
interface of steppe and agricultural landscapes in the
Northern Fertile Crescent (Smith et al. 2014;
Wilkinson et al. 2014). More broadly, relationships
between the environment, population levels and pro-
ductive capacity are important for models describing
the development of urbanism and hierarchical politi-
cal systems (e.g. Algaze 2008) and in debates over
the long term sustainability of complex societies
(Lawrence et al. 2016; Palmisano et al. 2021).
Despite their critical importance to models of past

social change, research on ancient rainfall patterns
at scales relevant for archaeological enquiry has
been limited. In this paper, a new modern precipi-
tation map for Southwest Asia, based on World
Meteorological Organisation station data is presented
and compared to other rainfall maps available. The
study area extends north to south from the
Caucasus and Arabia, and east to west from
Anatolia to Iran. The modern map is then used to
hindcast palaeorainfall data from 10,240 to 300 BP
at irregular intervals, using data derived from isotopic
analyses of deposits from Soreq Cave, Israel. This
timescale extends the original rainfall time-series pre-
sented by Bar-Matthews and Ayalon (2004) by 3000
years, intersecting with the Sapropel 1 event but not
going beyond it so that changes in Sea Surface
Temperatures are kept to a minimum. However,
such changes are still significant, and it is strongly rec-
ommended that map users proceed with caution for
the years 10–7kya BP. The time period was chosen
to maximise the potential of the maps, which are the
only ones of their kind currently available. The hind-
casted rainfall maps are provided in full in the sup-
plementary materials, so that they may be referred
to individually with confidence within the context of
the larger, and highly variable, time-series.
In the archaeological literature, rainfall values are

commonly expressed as isohyet lines of annual rainfall
in millimetres at fixed intervals (100, 200, 300, etc).
These are usually derived from precipitation maps of
Southwest Asia based on modern rainfall values col-
lected from weather stations across the region. The
variation between maps is due to differences in the
sample of modern rainfall data used (the stations
and time spans sampled) and from the interpolation

method applied to transform data points into con-
tinuous values. A commonly used rainfall map was
produced by the Tübinger Atlas des Vorderer Orient
(TAVO, map A IV 4) in 1984 and uses rainfall
values collected between the 1950s and 1970s.
Stations across the region with fewer than five years
of records were excluded (Wolfer 1984). Pearson’s
coefficients were calculated to quantify annual vari-
ations in the data, and the average value from each
station was used in the interpolation process for
mapping the isohyets (Wolfer 1984). More recent
maps by Rayne (2014: 151–61) and Kalayci (2013:
85–98) use monthly precipitation data from the
Global Precipitation Climatology Centre (GPCC) col-
lected between 1980/81 and 2010. Additionally,
Kalayci incorporates modern rainfall data from the
National Climatic Data Centre (NCDC). Both the
GPCC and NCDC datasets post-date the data used
to produce the TAVO map. This is important to
acknowledge, because it means these datasets may
differ for any of three reasons: (1) inter-annual varia-
bility, (2) inter-decadal variability, and (3) climate
change (Sun et al. 2018). While Rayne (2014:
151–61) followed an interpolation method analogous
to that used for the TAVO map, the results are slightly
different due to the spatial and temporal differences in
the underlying sample datasets. Kalayci (2013: 85–98)
made use of a similar dataset to Rayne (2014: 151–61),
but used different interpolation methods and pro-
duced a further variation of mapped precipitation in
the region.

The magnitude of the differences between modern
rainfall values and those of earlier periods, even
during the relative stability of the Holocene, is suffi-
cient to have an impact on human settlement and pro-
ductive capacity. Rainfall maps of past time periods
therefore require hindcasting modern rainfall data
with the use of proxy data (Kalayci 2013: 99–105).
While a wide range of proxy data is available for
Southwest Asia that can distinguish whether a given
period was wetter or drier than present (see Clarke
et al. 2016; Jones et al. 2019), deriving absolute
rather than relative precipitation values is more pro-
blematic. Research at Soreq Cave has correlated vari-
ations in oxygen and carbon isotope values in
speleothems to quantified changes in annual rainfall
(Bar-Matthews and Ayalon 2011; Bar-Matthews
et al. 1997; 1998; Orland et al. 2014). These calculated
changes can be integrated with the modern rainfall
data to create a series of hindcasted maps of
precipitation.

Ideally, other speleothem records with a wide and
even spatial distribution should be included in the
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calculation of palaeorainfall maps. Long term obser-
vations of rainfall amount and the isotopic compo-
sition of cave and rainwaters, along with analyses of
the growth of contemporary speleothems, are required
for similar palaeorainfall calculations to take place.
Cave water content is highly dependent on the local
climate, and the cave structure and environment,
meaning that relationships between the water isotopic
values are variable across the region. For example,
Sofular Cave in north-western Turkey experiences
intense rainfall with highly variable seasonality,
making a relationship between rainfall amount and
δ18O values difficult to determine: in this case it was
found that the carbon isotope δ13C content was a
better climate indicator (Göktürk et al. 2011),
although further complications arise as significantly
increased rainfall can lead to higher δ13C (where we
would expect lower values), as shorter residence
times in the soil mean isotopic equilibrium is not
reached. This highlights that there is no simple univer-
sal rule that can be applied to isotopic records of spe-
leothems for the determination of the relationship
between cave deposits and rainfall. Furthermore, spe-
leothem records of δ18O values in Southwest Asia
have been shown to be particularly heterogeneous
during key climate events of the Holocene, such as
the later years of Sapropel 1 (∼8.2kya BP to ∼7kya
BP) and in the last 2000 years during the Little Ice
Age (Burstyn et al. 2019). An ideal set of hindcasted
maps would be able to take these variations into
account.
At a regional scale, small differences in the shape or

location of an isohyet — modern or hindcasted —

have little effect on the overall precipitation trends
of the region. Indeed, broad spatial and temporal
trends are well-known for Holocene Southwest Asia.
Spatially, an arc of higher precipitation follows the
foothills of the Taurus and Zagros Mountain
ranges, enabling rainfed agriculture. Moving south
within the arc of this region, often known as the
Fertile Crescent, precipitation gradually falls, reach-
ing minimal levels in northern Saudi Arabia. In
Iran, the Zagros Mountains cast a rain shadow over
the centre of the country, and a similar phenomenon
effects the central highlands in Turkey. Generally,
across the region coasts receive more precipitation,
as do higher altitudes (Babu et al. 2011; Kalayci
2013; Rayne 2014; Wolfer 1984). Temporally
through the Holocene, precipitation reached a
maximum at about 6000 BP and has been gradually
falling since (Amand et al. 2020; Bar-Matthews
et al. 1997; Brayshaw et al. 2011; Cheng et al. 2015;
Dean et al. 2018; Eastwood et al. 2007; Finné et al.

2011; Fleitmann et al. 2007; Migowski et al. 2006;
Staubwasser and Weiss 2006; Stevens et al. 2006),
although there is some regional variation (Jones
et al. 2019).
For archaeologists, operating at more local scales,

small differences in the precise shape or location of
an isohyet can completely change how sites are inter-
preted. For example, crossing the threshold for sustain-
able rainfed agriculture could mean that large silos at a
site are interpreted as local storage, while falling
outside this zone the same structures could be taken
as evidence of large-scale importation of grain in an
arid environment dominated by pastoralism (Pfälzner
2002). These differences are then compounded when
archaeologists aggregate these individual interpret-
ations into a regional picture of settlement and
society. This paper examines changes in precipitation
over the duration of the Holocene, across Southwest
Asia, including the Arabian Peninsula and Cyprus,
informed by the sampling work at Soreq Cave. A
reproduceable and open dataset of modelled rainfall
values are provided (see online Supplemental
Material), and the results using precipitation estimates
from alternative sources of rainfall data, and a General
Circulation Model (GCM) are assessed. The impli-
cations and possibilities of these results for Holocene
settlement and crop productivity in a smaller region,
the lowland, alluvial plains of Southwest Asia from
the base of the foothills of the Taurus and Zagros
Mountains to the northern fringes of the Arabian
Peninsula, are then examined. The goals of the paper
are to describe the construction of the new precipi-
tation dataset, to assess its strengths and weaknesses
and, through two case studies, to demonstrate why a
nuanced and contextual approach to past rainfall is
critical for archaeologists and others working on
ancient societies in this region.

Materials and methods
Our modern rainfall map was created using freely
available, quality controlled CLIMAT station data
provided by the World Meteorological Organisation
(WMO) and the Deutscher Wetterdienst (DWD).
The climatological normals (defined as thirty-year
monthly averages) for the period 1961–1990 were
used for the majority of stations, with additional
stations added from rainfall values calculated from
monthly data for the same period. The climatological
normals for this period serve as a standard in long-
term climate studies. However, they come with uncer-
tainties such as (1) differences in instrumentation
between stations, (2) changes in instrumentation at a
station, and (3) changes in station location (DWD
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Climate Data Center 2017a). The DWD climate
normals are cross checked with national meteorologi-
cal services before publication, but the original WMO
normals have also been included to increase the
station density. The monthly data, also provided by
the DWD, consists of quality-controlled observations
taken from national weather services around the
world. The quality control includes a check for incon-
sistencies in the station reports, a check against clima-
tological thresholds, an environmental check and a
comparison with the wider network (DWD Climate
Data Center 2017b). Years with complete obser-
vations were used to calculate the mean annual rain-
fall across the period. To ensure data quality while
maximising the number and distribution of data
points, stations were required to have at least five com-
plete years of data. This resulted in a total of 244
stations being made available for the interpolation
(14 separately calculated, 201 DWD climate normals
and 29 WMO climate normals). Figure 1 shows the
distribution of stations across the study region which
extends from 25.4 to 63.4° longitude and 12.5 to
43.6° latitude. Stations from beyond this boundary
were also considered in the interpolation process to
avoid edge effects.
The choice of interpolation method is dependent on

several factors, including 1) the time step of the study
period, 2) orographic factors and 3) data availability.
Previous studies have shown that including geo-
graphic and topographic features in regression-based
interpolation methods can improve rainfall estimates

in data-sparse regions (Chapman and Thornes 2003;
Goovaerts 2000; Jacquin and Soto-Sandoval 2013;
Kyriakidis et al. 2001). Where a study region passes
through different climate regimes, such as a coastal
area bounded by a rain shadow on the leeward side
of a mountain range, it can also be useful to separate
the region into different zones for the interpolation
(Mmbando and Kleyer 2018; Thomas and Herzfeld
2004). The size, station distribution, topography and
precipitation gradients expected across our study
region mean this zonal approach is appropriate.

The mean annual rainfall for each station was
used, along with elevation and distance to coast, to
create the rainfall map by means of Universal
Kriging (also known as Kriging with External
Drift, KED). A Digital Elevation Model (DEM) at
30 m resolution derived from the Shuttle Radar
Topography Mission (SRTM) was used for the
elevation data. Since the study region is large and
has a complex climate, the region was split into 14
zones which were all interpolated separately. The
zones were established in QGIS and they accounted
for differences in terrain and known climate behav-
iour (see below). As an initial target, each region
was required to have at least ten stations involved
in the interpolation, including those outside of the
immediate interpolation area. Including stations
from outside the interpolation area was important
for matching neighbouring regions, based on the
assumption that changes in rainfall between different
regions would be somewhat smooth.

Figure 1 Map of the study region showing the distribution of WMO weather stations, and the type of precipitation data used.
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For regression-based methods such as KED, vario-
grams are used to determine the degree to which a set
of data are spatially dependent. For example, two data
points further apart have less spatial dependence than
two that are closer together. Semi-variograms (some-
times just known as variograms) are used when there
is another spatially independent variable, such as
elevation, to interpolate over. By default, a spherical
model was chosen, with elevation being the only sec-
ondary input. In regions where coastal proximity is
known to be an important factor, this was included
as a third interpolation input. If a spherical model
would not fit the data, then an exponential or a gaus-
sian model was tried instead.

Region justifications

The decisions behind the division of individual
regions can be explained according to the key topo-
graphical and climatological factors they exhibit.
The regions are shown in Fig. 2.
Regions 1 and 2 cover eastern Africa and the

Arabian Peninsula, which were split across the
middle to form northern and southern regions. For
the southern region (1), at the south-western edge of
the Arabian Peninsula, rainfall can occur year-round
due to interactions with African and Mediterranean
airflows combined with orographic effects, particu-
larly in summer when monsoon conditions dominate
(Subyani 2004). Eritrea and northern Ethiopia also
experience periods of heavy rainfall, with a large

contribution arising from interactions with the Red
Sea and moisture from the Mediterranean (Viste
and Sorteberg 2013). Northern Ethiopia and Eritrea
and the Southern Arabian Peninsula were included
in the same interpolation zone as they both have
areas that experience large amounts of rainfall where
there is a strong relationship with elevation.
The northern part of region 2 is characterized by

warm, dry summers, with winter and spring bringing
storms from both the Mediterranean and the Red
Seas (Patlakas et al. 2019). The distance to the
Mediterranean Sea, which accounts for most precipi-
tation across the region, was therefore used as a cov-
ariate for this region.
Two interpolation regions covered the area immedi-

ately south of the Taurus and Zagros mountains. One
region followed the coastline of the Mediterranean
Sea and was bounded by the Lebanon and Judean
mountains to the east, and the Taurus range to the
north (region 3). Another region covered a large
area that included most of Syria and Iraq (region 4).
The regions were separated to account for the rain
shadow effect where moist air from the
Mediterranean is carried upwards by the mountains,
causing it to cool and fall on the windward side, there-
fore leaving less moisture to fall on the leeward side.
As a result, Syria is mostly arid or semi-arid, but
with wetter areas by the coast in the north-west.
Turkey, which has a varied climate heavily depen-

dent on the terrain, was divided into smaller regions

Figure 2 Elevation map showing the 14 different interpolation zones.
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to avoid under-representing regional effects that arise
due to large mountain chains. In creating this map,
Turkey was split across five interpolation zones: the
Mediterranean coastline (region 5), the Black Sea
coastline (region 8), an area covering the Marmara
and central Anatolian regions (region 6), and two
areas covering eastern and south-eastern Anatolia
which also stretch into the Armenian highlands and
Caucasus mountains (regions 7 and 9). Previous
studies have sought to define the climate zones of
Turkey (Iyigun et al. 2013; Sensoy et al. 2008) and
these findings were used to inform the boundaries of
the interpolation areas.
The distance to the Black Sea was used alongside

elevation in regions 8 and 9. The south-eastern edge
of the coastline is the wettest part of this and is also
the only region in Turkey that experiences rainfall
all year round. Rain falls mostly on the windward
(northern) side of the mountains that line the coast,
creating a rain shadow effect that is particularly pro-
minent in central Anatolia, a region that has a vari-
able steppe climate with low amounts of
precipitation (usually in the form of snow). The
Black Sea and Caucasian mountains experience a con-
tinental climate resulting in long and cold winters with
frequent heavy snowfall (Sensoy et al. 2008).
The modern climate of the Caucasus region is

dominated by westerlies that carry moisture from
the Black and Mediterranean Seas. High pressure
systems block storms entering from the north. The
high elevation of the greater and lesser Caucasus
mountains strongly impacts the regional climates,
with windward (western) flanks receiving more pre-
cipitation. The region then gradually becomes more
arid going eastwards towards the Caspian Sea
(Borisov 1965; Forte et al. 2016).
In Iran, there is a more moderate and wetter climate

along the coast of the Caspian Sea, before the peaks of
the Alborz mountains block much of the moisture from
entering the hot and dry interior. The salt deserts
Dash-e Kavir and Dash-e Lut occupy the lowlands of
the country, whilst further west the Zagros mountains
introduce a colder and wetter climate resulting from
incoming moisture from the Mediterranean Sea. For
the interpolation, this area was mostly covered by three
regions: one for the coastal areas by the Caspian Sea
(region 10), one for inland areas including the Alborz
mountains and the desert areas (region 11), and one for
the Zagros mountains (region 12). Region 4, which
covered most of Iraq and Syria, also includes the south-
western corner of Iran up to the Persian Gulf.
Region 13 covered the area north of the Alborz

mountains, including most of Turkmenistan. This

area had a low station density and was the only area
where the target of ten stations could not be met
and stations from neighbouring regions could not
aid the model. As well as having a low station
density, this region also has less varied terrain and is
flatter by comparison to other areas in the study
region, which makes a similar elevation-based model
more difficult to fit. A singular model was used
based on previous studies and observations of the dis-
tribution of precipitation. Turkmenistan has a conti-
nental and cold-desert climate, with three times the
amount of rainfall occurring in the winter months
compared to the summer. The highest amount of rain-
fall occurs in the Kopet Dag range that joins with the
Alborz in the south of the country (Orlovsky 1994),
which was included in the interpolation region
centred on inland Iran.

The 14th and final region covered Cyprus. There
were only two stations on Cyprus that featured in
the interpolation, so points from the coastlines of
the mainland were also used.

Further steps were involved in the map creation.
First, to avoid harsh edge effects at the boundaries
between interpolation areas, gaps were left between
some regions which were then filled by nearest neigh-
bour interpolation. At other times, isohyet matching
could be used when overlapping areas contained
similar values. Once all zones had been interpolated,
the separate areas were then joined using mosaicking
by averages. The final step was to replace negative
values that arose as a result of interpolation in
highly arid areas with zeros — this happened in only
three areas: Dasht-e Lut in Iran, an area south of
the Dead Sea in the Jordan Rift Valley, and in parts
of the Western Desert in Egypt.

Hindcasting

Soreq Cave is part of a series of karstic caves located
in the Judean Hills approximately 40 km inland from
the Mediterranean Sea. The caves have been the
subject of a series of studies in palaeoclimatology
since they were opened by quarrying in 1968 (Bar-
Matthews and Ayalon 2004; Bar-Matthews et al.
1997; 1998; 2000; Orland et al. 2009; 2012; 2019),
and long-term observations and constant environ-
mental conditions have provided a continuous palaeo-
climate record of the past 125kya BP for the eastern
Mediterranean region. Bar-Matthews and Ayalon
(2004) calculated past annual rainfall values from
the measurements of stable isotope δ18O and δ13C
contained within cave deposits. Close monitoring of
the δD and δ18O content of cave drip waters showed
that these isotope values decrease with increased
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rainfall, and that the modern rainfall values follow the
Mediterranean Meteoric Water Line (MMWL).
Continuous observations of rainfall and isotope

content between the years 1990–2007 indicate that
the average annual rainfall at the site is between 500
and 600 mm, with approximately 95% of this occur-
ring between November and April. Precipitation was
found to be related to its δ18O amount by the
equation:

Annual Rainfall (mm) =
−3.9− δ18O (0/00, VSMOW)

0.0039

(1)

whereby an increase of δ18O values by 1‰ corre-
sponds to approximately 280 mm less rainfall per
year (Orland et al. 2009). Orland produced an
updated version of the transformation equation orig-
inally found in Bar-Matthews and Ayalon’s 2004
paper (seen in fig. 4 of that paper), using the
additional years of rainfall up to 2007. This led to a
decreased R value (0.91 to 0.70) which was attributed
to the natural variability of rainfall on short (decadal)
timescales. This was not deemed a significant reason
to not use the later equation, although this would
increase uncertainty in the precipitation estimates.
When applied to the δ18O values of speleothem
sample 2-N the rainfall values from the past 10kya
BP years could be derived, and this result is shown
in Fig. 3. The data from these results were used to

create hindcasted maps of rainfall back to 10kya BP
at intervals matching those of the temporal avail-
ability of the 2-N speleothem data.
The method of hindcasting was determined by ana-

lysing the variability of annual rainfall in wet and dry
areas. The range in rainfall values was compared to
the annual average for each station to assess
whether, a simple addition and subtraction, or pro-
portional methods, were most appropriate (see
below). This approach also allows us to comment on
the degree to which proportional changes could be
generalized across the region, and to identify areas
where it would be more or less effective.

Results
The final modern map is shown in Fig. 4. Out of the
14 regions, two of the models were exponential and
another two were gaussian. A summary of the interp-
olation regions is given in Table 1.
An example semi-variogram for region 1 is shown

in Fig. 5. As one might expect, the variability
between precipitation values increases with distance
until it reaches a plateau (or sill), where there is no
further identifiable spatial correlation. Note that
there is much variation around the model, which is
most likely an effect of having low station densities.
Full details on the individual models, their semi-var-
iograms, and example R code are provided in the
Supplemental Material.

Figure 3 Palaeorainfall at Soreq Cave, Israel, calculated from δ18O isotope data originally published by Bar-Matthews and
Ayalon (2004).
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Comparisons to TAVO, WorldClim and GPCC data

The new modern rainfall map has been created for the
climate normal period between 1960 and 1990, which
is used as a standard baseline in climate studies
(World Meteorological Organisation 2017). The suit-
ability of the new map can be assessed by comparing
it to other maps that cover the same time period.
Three such maps commonly referenced by archaeolo-
gists are: (1) map A IV of TAVO (which uses data
between the 1950s and 1970s), (2) the WorldClim
precipitation map (between 1970 and 2000), and

(3) gridded GPCC precipitation data derived from
data from 1891 to 2016.

Since the TAVO map presents rainfall as ranges
within vector polygons, the new raster rainfall map
was compared to the minimum, maximum and mid-
point of the TAVO map’s precipitation ranges. The
midpoint version was found to be most similar to
the new map, with a mean difference of -7.5 mm,
meaning our model suggests a drier regional
average, though not as dry as the minimum range of
TAVO. Around 63% of the data fell within ±50 mm

Figure 4 Modern rainfall map created via a regional regression-based kriging method with WMO station data.

Table 1 Information on each of the interpolation zones used to create the modern precipitation map

Label Number Name of zone
Cropped station density

(per degree2) Type of model Covariates

1 AP_SOUTH_ERITREA 0.107 Spherical Elevation
2 NORTH_AP_EGY 0.115 Spherical Elevation, distance to coast (Mediterranean)
3 EAST_MED 1.542 Spherical Elevation, distance to coast (Mediterranean)
4 IRAQ_SYRIA 0.271 Spherical Elevation
5 TURKEY_MED 0.433 Spherical Elevation
6 WEST_TURKEY 0.510 Spherical Elevation
7 TAURUS 0.572 Exponential Elevation
8 BLACKSEA 0.578 Exponential Elevation, distance to coast (Black Sea)
9 CAUCASUS 0.316 Exponential Elevation, distance to coast (Black Sea)
10 CASPIAN 0.651 Spherical Elevation
11 IRAN_MAIN 0.133 Gaussian Elevation
12 ZAGROS 0.154 Gaussian Elevation
13 TURKMENISTAN 0.085 Spherical (Singular) Elevation
14 CYPRUS 1.831 Spherical Elevation
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of the TAVO map, and 85% and 91% within 100 mm
and 150 mm respectively, although there was a large
range in variability with values reaching between
-1400 mm and +650 mm. The areas that saw the
biggest differences were those at high elevations or
in coastal areas, regions which typically experience
high levels of rainfall. These more extreme differences
are likely due to the data made available to the interp-
olation method, with TAVO having a larger station
density due to covering a different time period. This
effect is most noticeable in Turkey, in the highlands
by Antalya and Alanya by the Mediterranean Sea,
where there is a gap in the distribution of WMO
stations for this period. Contrastingly, in the south-
east of Iran, where the station density is low in both
cases, rainfall is higher in the new map by approxi-
mately 200 mm due to the inclusion of elevation in
the interpolation.
Another widely used map, particularly in climate

modelling studies, is the WorldClim climate surface
for precipitation (Fick and Hijmans 2017).
WorldClim provides spatially interpolated monthly
climate data aggregated across the years 1970–2000.
The maps cover all global land areas at a high
spatial resolution (∼ 1 km2) using data from
weather stations. The interpolation method consisted
of using thin-plate splines along with a number of
co-variates: elevation, distance to coast and satellite
data, including maximum and minimum land
surface temperatures and cloud cover. The best

models for each region and variable were chosen for
the final product, rather than using one model for
the whole world. Whilst producing a higher resolution
product than the GPCC derived maps, the accuracy of
the WorldClim precipitation map was found to be
only marginally improved with the addition of satel-
lite data, and in some cases worsened it, with systema-
tic errors (such as the over estimation of cloud cover)
being carried over into the estimation of climate sur-
faces (Fick and Hijmans 2017; Wilson et al. 2014).
There are areas of our new rainfall map that are sig-

nificantly drier than the WorldClim map, particularly
in places that typically experience heavy rainfall. The
mean difference for the whole region was -7.55 mm
and the area with the largest difference in rainfall
was in Georgia, at the coast of the Black Sea. It is
likely that there is some under-estimation of rainfall
here due to a lack of station points in the area, par-
ticularly at lower elevations near the coast. Our map
also gives lower rainfall values at higher elevations
in this region. It is possible that some of these differ-
ences are a result of over-estimation in rainfall by
WorldClim, resulting from a systematic bias for
cloud cover over high albedo land surfaces.
This would be particularly relevant in mountainous
areas in Turkey and the Caucasus, which experience
significant snowfall in the winter months.
Inaccuracies in higher elevation areas may also be
the result of a systematic lack of stations in these
areas (Hijmans et al. 2005). The other notable

Figure 5 Semi-variogram for Region 1 (see Fig. 2), covering the southern part of the Arabian Peninsula and parts of eastern
Africa. The separation distance is the distance between two points with units of km, whilst the semi-variance has
units of mm2.
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difference between our map and the WorldClim pre-
cipitation surface is in the apparent sensitivity of rain-
fall to elevation across the Zagros mountains in Iran.
Our map appears more sensitive, following a similar
relationship to that displayed by more localized
maps (for example Khalili and Rahimi 2014).
The GPCC monthly product provides monthly

gridded precipitation maps stretching back to 1891.
For the purposes of this comparison, the monthly
data to yearly totals was summed and then averaged
across theyears 1960–1990, tomatch our temporal cov-
erage. The product interpolates precipitation
anomalies at stations using an empirical weighting
method that has been adapted to a sphere
(SPHEREMAP), and then superimposes this result
with the GPCC Climatology v2018 map of the same
resolution (in this case 0.25° x 0.25°) (Huffman et al.
2007; 2010). The GPCC map is wetter, with our map
having a mean difference of -9.8 mm and a maximum
drier difference of -1523 mm, again by the Black Sea.
About 69% of the differences have a magnitude of
less than 50 mm, increasing to 87% and 93% for
100 mm and 150 mm respectively (Table 2).
Figure 6 shows the TAVO, WorldClim and GPCC

maps and the differences with our new map. There
are other precipitation maps available for the region,
some focused on certain countries and others with
global applications. Table 3 outlines some of the
other available maps which have not been discussed
here. Ultimately, the main point archaeologists and
historians should be aware of is the variety in rainfall
estimates, and how those estimates can change
depending on the data used and the method applied
in the interpolation. When quoting rainfall values, it
is important to state the source of the value, i.e.,
which map has been used and why. Each map dis-
cussed here has its own strengths and weaknesses,
which may change depending on the area of focus.
Our map has the benefit of being both a higher resol-
ution and dependent on fewer variables. Increasing
variables can introduce systematic errors, such as the
issue with satellite data discussed above. Our
dataset also improves on the discrete nature of the
TAVO map, making it more useful at local scales.

Like other maps, however, it still suffers from low
station densities. The authors of other maps have
detailed further strengths and limitations of their
own datasets (Hijmans et al. 2005; Schneider et al.
2018).

In addition to the variability between different rain-
fall maps it is important to consider the scale of vari-
ation in rainfall over time. High rainfall areas typically
experience larger variations year to year. Figure 7
shows how the range size of precipitation values
varies with the average rainfall at a station for the
years 1960 to 1990. Variation rises sharply for rainfall
at sites with an average between 0–200 mm, then con-
tinues to rise at a slower rate. In regions that receive an
average of over 1000 mm of rain per year, the magni-
tude of the variation can be just as high with range
sizes over 1000 mm. Inter-annual variability is impor-
tant to consider for calculations on long-term soil
moisture, and therefore crop productivity and man-
agement requirements, but also has important impli-
cations for hindcasting.

Hindcasting and palaeorainfall maps

By investigating the relationship between mean
annual rainfall and the year-to-year changes in rain-
fall at each station, it can be seen that stations that
experience more rainfall experience larger variation
(see Fig. 7). It is, therefore, better to hindcast by
using a proportion-based method, rather than by
adding absolute differences, as a proportion-based
method will take account of these differences. This
method is uncomplicated and is simply a multipli-
cation of a set of values across the modern map, but
it should be noted that this method keeps modern
dry areas dry throughout the hindcast. For this
reason, caution is recommended when using these
maps in areas that receive under 100 mm of rainfall
in our modern data. For each year of the hindcast,
the ratio of the palaeorainfall and modern rainfall
(set as 500 mm at Soreq Cave) was calculated and
multiplied with the modern rainfall map to achieve
the hindcasted rainfall maps. Figure 8 shows a selec-
tion of hindcasted maps for periods of high and low
rainfall as recorded in the isotope data from Soreq

Table 2 A quantitative summary of the TAVO,WorldClim, and GPCC precipitation maps discussed in this text in comparison to
the new modern precipitation map

Mean Max Min % < 100 mm % > 2000 mm % of new map — other map within 50 mm

New Map 203.1 2068.1 0 15.4 0.002 —

TAVO (Midpoint) 2000–2500 <100 49.2 0.02 62.9
WorldClim 211 2241 0 36.5 0.01 68.8
GPCC 218.3 2430.7 0 17.7 0.02 69.3
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Cave, in order to demonstrate the degree of spatial
fluctuations visible. Bar-Matthews and Ayalon 2004
discuss some of the main events in an archaeological
context. These include a short period of low rainfall
at 5.2kya BP, after which there is a quick recovery,
which has been related to a period of social change
by Weiss and Bradley (2001). Another long dry
period occurs between 4.6–4.0kya BP, with rainfall
values staying below the present-day average
(between 500–600 mm) until late in the 20th century.
deMenocal et al. (2000) attribute drying in North
Africa and the Middle East around this time to
earth orbital changes.

Hindcast-Model comparison

To help assess our maps, the results are compared to a
novel palaeoclimate simulation across our map
region. This simulation is driven by the same forcings
as previous simulations with the HadCM3 version of
the Hadley Centre Unified Model (Cookson et al.
2019), but applied transiently between 5000 and
3000 years before present (BP), rather than in 250-

year snapshots. Greenhouse gases are varied year on
year, interpolating between the measurements of ice
core records (Blunier et al. 1995; Flückiger et al.
2002; Monnin et al. 2004), while orbital parameters
are adjusted every 50 years based on the orbital sol-
utions (Laskar et al. 2004). The transient nature of
this simulation allows us to temporally downsample
the model data to match the time intervals of the
Soreq Cave record and our hindcasted maps.
Absolute rainfall values differ between the model

and the isotope data at the location of Soreq Cave,
as would be expected due to the relatively low resol-
ution of the model, which represents a much
broader area and does not accurately reflect the topo-
graphy of the region. However, if variation in the
model relative to the pre-industrial value (530 mm/
year) is compared to variation in the oxygen-isotope
derived rainfall values relative to the most recent
measurement (∼390 mm/year), then a high level of
agreement is seen, at least since ∼4.2kya BP (see
Fig. 9). The much larger precipitation changes seen
in the Soreq Cave record between 5 and 4kya BP are

Figure 6 Maps used in previous studies compared against the new modern rainfall map derived in this study. Row A)
WorldClim precipitation map, B) TAVO precipitation map, C) GPCC. The middle column shows the negative
differences (where the new map was drier), and the last column shows the positive differences (where the new
map was wetter).
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not seen in this climate model simulation, which
suggests that these changes may not have been
forced by the orbital or greenhouse gas variations
that drive these simulations. These changes in the
Soreq Cave oxygen isotopes are associated with the
largest excursions in carbon isotopes in the record
of the last 6kya BP (Bar-Matthews and Ayalon
2004). While the carbon isotope changes may be a
result of the precipitation changes, they could also
reflect changes in the vegetation, soils or hydrology
of the region (Fohlmeister et al. 2020).
To create a more robust image of the hindcast-

model differences across the region, we took the log-
transformed map of differences (where the difference
was proportional and defined as hindcast/model)

across the time period covered by the model.
Figure 10 shows an example of this for the year
3100 BP. It is worth noting that spatial comparisons
between the hindcasts and model simulations are
hampered by differences in spatial resolutions.

The model appears to show very different levels of
rainfall over large areas of our hindcast maps,
however, there is good agreement in areas of the
Levant and the Al-Jazira plain. Clearly, the Soreq
Cave record is less relevant for changes in the
climate of Arabia, Anatolia and the Zagros moun-
tains, where significant differences are seen between
the hindcast and model simulations. These areas are
affected by Western Disturbances (Cookson et al.
2019) and changes in monsoonal rains (Jennings

Table 3 A summary of other available precipitation maps that cover Southwest Asia

Map Name Data Years Resolution Coverage Method Citations

A IV 4 in the
Tübinger Atlas des
Vorderer Orient
(TAVO)

Stations with
record duration of
at least 5 years.

1941–1977 — Middle East;
24.8° to
72.6°E, 12.1°
to 42.1°N

Application of
Pearson’s coefficients
to assess annual
variations in data.
Averages from stations
were interpolated.

Alex and
Stöehr (1985)

WorldClim Station Data,
Elevation, Coastal
Distance, Cloud
Cover.

1970–2000 30s, 2.5 min,
5 min,
10 min
available

Global Thin Plate Splines,
Regional model
selection.

Fick and
Hijmans
(2017);
Hijmans et al.
(2005)

GPCC Full Data
Monthly Product

∼80000 stations
with record
durations of at least
10 years

1891–2016 0.25°, 0.5°,
0.75°, 1°,
2.5°

Global Interpolation of
anomalies with
Shepard’s empirical
weighting across a
spherical surface
(SPHEREMAP).

Schneider
et al. (2018)

Tropical Rainfall
Measuring Mission
(TRMM) Multi
Satellite
Precipitation
Analysis TMPA
(3B42)

Satellite
observations with
‘indirect’ use of rain
gauge data to
rescale to monthly
data.

1998–2019 0.25° -180°W to
180°E, 50°S
to 50° N

Attributes rainfall to
grid cells via combined
analysis of microwave
and infrared satellite
estimates, then adjusts
using rain gauge
analysis.

Huffman et al.
(2007);
Huffman et al.
(2010)

CPC Merged
Analysis of
Precipitation
(CMAP)

Station data and
precipitation
estimates from
satellite data.

1979–Present 2.5° Global Blending of gauge data
with infrared and
microwave satellite
estimates.

Xie and Arkin
(1997)

Iranian National
Dataset (INDS)

Station data,
elevation

1961–2005 1 km Iran Correlation between
rainfall and elevation,
and application of a
Kriging method for
interpolation.

Khalili and
Rahimi (2014)

IS0902 Station data only
(IRIMO stations)

1998–2006 0.25° Iran Interpolation using
Shepard’s algorithm.

Javanmard
et al. (2010);

CRU CL v 1.0 Monthly
climatological
means for
precipitation

1961–1990 0.5° All land
areas
(excluding
Antarctica)

Interpolation using thin-
plate splines and
elevation.

New et al.
(1999)
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et al. 2015), which have little impact on the climate of
the region around Soreq. However, it was decided to
include these areas in the final product due to the
absence of similar data for these regions. Hopefully
when using these maps, researchers will be cautious
and aware of the limitations stated here.

Discussion
In this section some of the issues, essential for users of
the maps to be aware of and understand when utiliz-
ing our rainfall data, are discussed.
The generalization of the Soreq Cave record across

the whole of Southwest Asia is not ideal as palaeocli-
mate records tend to only reflect local scale climate,
and other records in the region show heterogeneous
behaviour at different times across the Holocene.
Comparisons to other palaeoclimate proxies, in par-
ticular speleothems, highlight the spatial discrepan-
cies between climate behaviour throughout the
Holocene. Just as in modern times, the region’s
climate is varied and results from several complex
systems such as those from the Mediterranean Sea,
Black Sea and seasonal monsoon systems. The
Soreq Cave isotopic record is shown to be tied to
the Mediterranean Sea, but other speleothem
records in other parts of the region show behaviour
derived from other systems, as might be expected.
For example, speleothem records from the Qunf and
Hoti Caves in Oman, show a northward shift of the
summer ITCZ during the early Holocene, followed
by a gradual southern migration and decrease in

monsoonal rainfall in the middle to late Holocene in
response to solar insolation (Fleitmann et al. 2007).
Sofular Cave in Turkey shows similar increased
levels of precipitation to Soreq Cave and the eastern
Mediterranean in the late to mid Holocene
(Göktürk et al. 2011), but the authors highlight the
discrepancies of the exact timings of the wet periods
between different records throughout the region.
Ideally, the palaeorainfall maps would include
further rainfall proxy records where isotopic signa-
tures have been converted to rainfall via their own
specific rainfall transformation function, where there
is a good understanding of the dominant source of
moisture through time. This would allow the maps
to better reflect regional climate changes through
time.
The Soreq record itself has measurement uncertain-

ties that also need to be considered. Exact values for
the δ18O uncertainties are often unpublished, but
typical values are around 0.2‰ (Wassenaar et al.
2018). With this value, the estimated rainfall could
vary by at least 55 mm, although this will increase
when statistical uncertainty in the model and original
rainfall data is taken to account. Uncertainties such as
these could easily affect the way in which rainfall is
interpreted at a location.
Another limitation to take into consideration are

the age errors on the rainfall maps; which also tie
directly to the age errors from the original Soreq
Cave data. The methods used for deriving the 230Th
234U age estimates at Soreq Cave are detailed in

Figure 7 The range in precipitation values plotted against the corresponding average annual rainfall. The scale of variation
increases with amount of rainfall.
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Kaufman et al. (1998) and for the speleothem sample
2N, used here, age estimate errors ranged between 340
and 1730 years. It is critical to consider these large
uncertainties when trying to derive significance from
the palaeorainfall record.

Case study: archaeological implications of rainfall shifts
in the Fertile Crescent

In this section the implications of spatial patterns in
rainfall through time in the lowland alluvial plains
of Southwest Asia, using the so-called ‘Zone of
Uncertainty’ as a case study, are considered. The
Zone of Uncertainty is defined as the area between
the 180 mm and 300 mm isohyets, where rainfed agri-
cultural is possible but risky, with precipitation in
some years falling below that required to produce a
viable cereal crop (Wilkinson 2000). Occupation of
this area over the Holocene is episodic, and is often

combined with pastoral strategies or irrigation tech-
nologies to mitigate the risk of crop failure (Smith
et al. 2014; Wilkinson 2000; Wilkinson et al. 1994;
2014). However, under the right socio-ecological con-
ditions the zone can be highly productive, and its suc-
cessful exploitation has been linked to the rise of cities
in the Early Bronze Age (Lawrence and Wilkinson
2015; Wilkinson et al. 2014) and the maintenance of
empires in later periods (Wilkinson and Rayne
2010). It has also proved a useful heuristic device in
the analysis of large datasets (Gaastra et al. 2020;
Lawrence et al. 2021).

As Geyer et al. (2019) have noted, the definition of
the Zone of Uncertainty is based on rainfall data, and
therefore the quality of the underlying rainfall infor-
mation is critical to further interpretations. They
questioned the usefulness of existing maps of the
zone based on precipitation maps with quite broad

Figure 8 Selected hindcasted maps at key moments of high and low rainfall, as indcated by the Soreq Cave timeseries shown
in Fig. 3.
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scales (up to 1:21,000,000), especially when applied to
archaeological studies on a more local scale (Geyer
et al. 2019: 101). Here our new rainfall data is used
to model the location of the Zone of Uncertainty
through time. Figure 11 shows a composite image of
187 spatial reconstructions of this zone over the
course of the Holocene, from 10,240 to 300 BP.
These make use of the time series available from the
Soreq Cave dataset, with a reconstruction for every
dated point. The fuzzy edges to the Zone of
Uncertainty in Fig. 11, reflect the spatial variability
of the zone over time. Although this composite
image shows a clear congruence that approximates

where researchers might expect the Zone of
Uncertainty to be located, it is somewhat misleading.
There is, in fact, not a single pixel across the entire
map that is consistently located in the Zone of
Uncertainty throughout the Holocene from 10,240
to 300 BP.
The map series in Fig. 12 shows variability in the

Zone of Uncertainty within individual millennia. As
in Fig. 11, each map in Fig. 12 is a composite image
of multiple reconstructions based on the new rainfall
data and Soreq Cave values. The number (n) of
reconstructions is displayed in the lower left corner.
Composite images with more reconstructions

Figure 10 Log transformed map of differences (hindcast/model) for the year 3100 BP. Left: positive differences (hindcast was
wetter than model). Right: negative differences (hindcast was drier than model). Stark white areas are locations of
no-data where the original precipitation map produced zeros.

Figure 9 A direct comparison of the down-sampled model timeseries for precipitation and the calculated annual rainfall at
Soreq Cave (data from Bar-Matthews and Ayalon 2004) for the years 5000 BP to 3000 BP. The horizontal lines
show the pre-industrial value for rainfall (red), and the most recent isotope-converted rainfall value for Soreq
Cave (blue).
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(higher n values) show greater inconsistency in the
location of the Zone of Uncertainty (thinner bands
of black). The lack of a black band in some of the
maps (e.g., the 6th millennium BP) identifies millen-
nia where variability is so great that no pixels are
consistently within the Zone of Uncertainty. Figure
12 also illustrates the gradual northward migration
of the Zone of Uncertainty over time from the
10th millennium BP until the 4th millennium BP.
This northward movement over time corresponds
to the general trend of warming and drying of the
climate over the Holocene (Brayshaw et al. 2011;
Finné et al. 2011; Jones et al. 2019; Migowski
et al. 2006; Staubwasser and Weiss 2006).
Importantly, the relationship between changes in
rainfall at Soreq Cave and the size of the Zone of
Uncertainty is not linear, because rainfall is not the
sole variable that determines the location and
shape of rainfall isohyets, either in reality or our
model. Figure 13 shows the relationship between
Soreq Cave rainfall and the area of the Zone of
Uncertainty. At both the upper and lower rainfall
values the extent of the Zone changes substantially,
but in the middle ranges the extent remains reason-
ably similar, but, as Fig. 12 shows, the specific
location of the zone moves.
Areas with rainfall values above 300 mm have also

been modelled; these are taken to represent areas
consistently suitable for stable rainfed agriculture.
Other variables such as elevation, slope or soil
depth are not considered here; a more complex

model, including a wider variety of parameters, will
be presented in a future publication. However, a
simple rainfall driven calculation is useful to
examine broad trends in agricultural potential.
Figure 14 highlights the extent of this region over
time from the 10th millennium BP, when plant culti-
vation was already taking place, until the present
day. Figure 15 shows the total area suitable for
rainfed agriculture through time. As one would
expect, given the general Holocene drying trend,
over the long term the area suitable for rainfed agri-
culture decreases, but there is a high degree of varia-
bility, with greater variability detected wherever
there are more datapoints.

Across Figs 12, 14 and 15, the 6th millennium BP
shows the greatest variability, in part due to an
anomalous data point at 5186 BP that records a par-
ticularly dry year. According to our model, this
would have made rainfed agriculture impossible
across most of northern Syria and all northern
Iraq. Surrounding years in the decades before
(5206 BP) and after (5168 and 5150 BP) are also
drier. At 5206 BP, rainfed agriculture would not
have been possible across most of the Khabur
Triangle. At 5168 and 5150 BP, rainfed agriculture
would have only been possible for the northern
half of the Khabur Triangle (Leilan and Mozan,
but not Tell Brak or Tell Beydar). Bar-Matthews
and Ayalon (2011: 169) have previously connected
this dry period, detected in the Soreq Cave spe-
leothems, with the decline of the Uruk culture. An

Figure 11 A composite image of the location of the Zone of Uncertainty (10,240–300 BP).
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analysis of settlement patterns over this span of time
across the Jazira, observed that Uruk material
culture and sites dominated by Uruk material
culture, disappeared from the centre of the region
between Tell Brak and Hamoukar by the end of
the LC4 period at around 5200 BP, prior to the
end of the Uruk period about 100 years later (de
Gruchy 2017: 77), but the two observations are diffi-
cult to align. The settlement patterns are dated using
pottery typologies and do not have the same

precision as the rainfall data. Moreover, the new
rainfall maps from the period immediately before
5206 BP (5226, 5246, 5266 and 5286 BP) indicate
that the Jazira was within the zone of rainfed agricul-
ture. Radiocarbon dates from the relevant sites
would help clarify the impact of drought on late
4th millennium BC society by improving the ability
to match settlement patterns to rainfall data.
The single rainfall map for the 11th millennium BP

(10,240 BP) enables us to map where rainfed

Figure 12 Composite images of the Zone of Uncertainty by millennium. Shades indicate the frequency with which areas are
located in the Zone of Uncertainty from black (in one year) to white (all years evaluated, number of years given in
lower left of image). In the 6th millennium BP, the black is absent, because not one pixel is consistently located
within the Zone of Uncertainty throughout this millennium.
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agriculture would have been possible at a time when
early cultivation was taking place at various sites
across the region, and important crop plants, such
as wheat and lentils, were being domesticated
(Asouti and Fuller 2013; Fuller et al. 2011). With a
single data point, it is impossible to map variation
in this zone, as with other millennia, but this single
map makes it clear that most known early cultivation
sites, including Abu Hureyra, would have been within
the zone where rainfed agriculture was possible (Fig.
16). The three exceptions are Zahrat adh Dhra,
Beidha and Basta in the southern Levant. This snap-
shot at 10,240 BP supports the general idea that culti-
vation could have been opportunistic and flexible
(Asouti and Fuller 2013: 328), as these staple foods
would have sufficient rainfall to grow without any
additional water required.
The variability shown in Figs 12–15 demonstrate

the importance and significance of consulting all rain-
fall data available for an archaeological period of
interest. Even at sites where radiometric dating tech-
niques are routinely used to constrain periodization
based on ceramic typologies, phases can span ranges
of at least several decades, and sometimes hundreds
of years. As the values around 5.2kya BP show, the
differences in rainfall over a 40-year time span can
be extreme. Moreover, there is a positive correlation
in Figs 13 and 15 between the number of data points
and the variability detected. This means that where
fewer data points are available caution should be exer-
cised when making interpretations. In using the data
made available in the Supplemental Material, we

recommend users present the range of values across
the period they are interested in, as well as an
average value. We have also provided averaged
values by millennium which can be used for long-
term studies.

Conclusion
Precipitation data is critical for fully understanding
human-environment interaction. Here a new model
for calculating modern rainfall in Southwest Asia,
using a zonal approach to interpolate rain gauge
station data has been described. We then use pub-
lished precipitation shifts calculated from isotopic
analysis of speleothems at Soreq Cave to hindcast
the modern data from 10,240 to 300 BP, resulting in
187 irregularly spaced snapshots of past rainfall. To
help assess the results, we used a Global Circulation
Model for the years 5000–3000 BP and compared
the precipitation output to our rainfall maps to find
out which areas gave the closest values. This new rain-
fall map series provides a first glimpse of what is poss-
ible from speleothem data. It is hoped that in the
future absolute precipitation values will become avail-
able from caves in other parts of the region, such as
Kurdistan and the Arabian Peninsula. Although the
SISAL database (Comas-Bru et al. 2020) currently
contains 41 speleothem entities for 20 sites across
the Middle East region, the variability between spe-
leothems has been shown to be both high and incon-
sistent throughout time, with heterogeneity increasing
during particular climatic periods, such as the end of
Sapropel 1 at ∼8kya BP (Burstyn et al. 2019). This

Figure 13 The relative size of the Zone of Uncertainty in relation to rainfall values. The relationship is not linear.
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is also seen in lake and marine records (Finné et al.
2019). The Soreq Cave data is also directly related
to variability in sea surface isotope content of the
Eastern Mediterranean Sea, and so does not reflect
regions where rainwater is sourced from elsewhere.
Additional precipitation datasets would enable a
better understanding of the relationships between
different proxy archives, including sea surface temp-
eratures. This in turn would contribute to the under-
standing of precipitation–isotope relationships at
individual cave sites and the extent to which these

can be projected spatially. Interpolating between pro-
portional changes in precipitation levels derived from
multiple speleothems spread across the study region
would likely improve the accuracy of our hindcast
dataset.
The rainfall map series presented here can serve as

a baseline dataset for use by Holocene researchers
working in Southwest Asia, including archaeolo-
gists, to better understand the environmental con-
ditions and variability specific to the periods they
are studying. As new data from natural archives,

Figure 14 Composite images showing the locations where rainfed agriculture would have been possible during each
millennium BP. The shades indicate the frequency with which areas suitable for rainfed agriculture during each
millennium from white (in one year) to black (all years evaluated, n).
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such as speleothems, and climate modelling projects
become available they can be refined and further
temporally constrained. Our diachronic analyses of
the Zone of Uncertainty and land suitable for
rainfed agriculture demonstrate that in the dryland
environments which characterize much of the

study region, relatively small shifts in rainfall can
have major impacts in spatial patterning of moisture
availability. As such, it is strongly recommended
that users consider rainfall maps before and after
the specific year(s) of interest sufficient to account
for error margins within their own dataset(s), and

Figure 15 The area suitable for rainfed agriculture plotted by year. Variability is positively correlated to the number of data
points available.

Figure 16 Early cultivation sites are located within the area that would have supported rainfed agriculture at precisely 10,240
BP with the exception of three sites in the southern Levant. 1—Cayönü, 2—Tell Abr, 3—Djade, 4—Tell Halula, 5—
Mureybet, 6—AbuHureyra, 7—Iraq ed-Dubb, 8—Netiv Hagdud, 9—Zahrat Adh Dhra, 10—Beidha, 11—Basta.
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provide ranges and averages where appropriate in
publications. This will ensure that interpretations
of past phenomena which rely on land use, pro-
ductivity or environmental variables are built on
more solid foundations.
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