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The isotopic composition of precipitation (δP ) is one of the most widely used and informative terrestrial 
paleoclimate proxies. δP integrates a series of hydrological processes; therefore, any interpretation of 
paleohydrology using δP requires a thorough understanding and quantification of the full hydrological 
cycle. In this paper, we use modern data to analytically model the full isotopic hydrological cycle of 
the Eastern Mediterranean and the Southern Levant, including oceanic evaporation, distillation during 
transport and precipitation over land. This model allows us to determine the important factors controlling 
this system. The model results underscore the significance of the isotopic distillation process driven 
by the land–sea temperature gradient as a significant factor controlling the long-term average isotopic 
composition of precipitation across Israel. Based on the understanding of the processes that govern the 
modern system, we model the isotopic composition of precipitation from the Last Glacial Maximum 
(LGM) using published data for speleothem oxygen isotopes in calcite, oxygen and hydrogen isotopes 
in fluid inclusions and clumped isotope values from Soreq Cave and the isotopic composition of East 
Mediterranean planktonic foraminifera G. ruber. The data and model results indicate two plausible 
scenarios for the LGM that entail changes in the magnitude of distillation over Israel, in normalized 
humidity over the Mediterranean and possible shifts of the moisture trajectories over the Mediterranean. 
The results presented in the paper illustrate the importance of understanding the full local hydrological 
cycle when reconstructing and interpreting the isotopic composition of precipitation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The isotopic composition of precipitation is widely used to con-
strain modern hydrological process and past terrestrial climate. The 
isotopic signal is acquired through a sequential series of hydrolog-
ical steps, which require quantification in order to produce reliable 
climatic interpretations based on the isotopic composition of pre-
cipitation. In prior work, the contributions of moisture sourcing 
(e.g. Pausata et al., 2011) and the isotopic composition of vapor 
(e.g. Good et al., 2015) to the isotopic composition of precipitation 
have been established. These realizations must thus be incorpo-
rated into paleoclimate interpretations of isotope records. In this 
paper, we present a methodology for analyzing and interpreting 
modern and paleo-rainfall isotopic data. We first investigate the 
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modern hydrological cycle and show that it is possible to derive 
from first principles the major factors controlling the system. We 
then use these principles to reinterpret isotopic records from the 
Last Glacial Maximum (LGM). The investigation is focused on the 
Eastern Mediterranean (EM) because of the wealth of modern and 
paleo-isotopic data that exists in this region, which enable identifi-
cation of the major processes controlling the isotopic composition 
of precipitation.

The isotopic composition of modern precipitation in the EM and 
the Levant has gained much attention in the past four decades due 
to its uniquely high d-excess (defined as d-excess = δD − 8 × δ18O, 
Dansgaard, 1964) in respect to the global isotope composition 
of precipitation (e.g. Gat and Dansgaard, 1972; Gat and Carmi, 
1970, 1987; Gat et al., 2003; Ayalon et al., 2004; Angert et al., 
2008) and due to its paleoclimate utility as a climate recorder 
in speleothems (e.g., Ayalon et al., 1998, 2013; Bar-Matthews et 
al, 1997, 1999, 2003; Frumkin et al., 1999; Orland et al., 2014) 
and lacustrine environments (Kolodny et al., 2005). Previous re-

http://dx.doi.org/10.1016/j.epsl.2016.10.017
0012-821X/© 2016 Elsevier B.V. All rights reserved.
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search conducted on the modern conditions in this region span 
short time periods (e.g. Gat and Carmi, 1970, 1987), are cen-
tered in specific sub-regions in Israel (e.g. Angert et al., 2008;
Ayalon et al., 2013) or pertain to specific parts of the hydrologi-
cal cycle (e.g. Gat et al., 2003). Although general models have been 
presented that describe how the unique composition of modern 
precipitation (e.g. Gat et al., 1996; and Gat and Carmi, 1970, 1987) 
and the paleohydrology of the EM (Gat and Dansgaard, 1972;
Gat and Carmi, 1987; McGarry et al., 2004) were acquired, they 
are based on limited aspects of the hydrological cycle (i.e. vapor, 
precipitation etc.) and do not encompass the full hydrological cy-
cle, which is composed of sea surface water, vapor, distillation, 
precipitation and evaporation. Here we analyze data from long-
term monitoring of the isotopic composition of precipitation from 
14 sites distributed across Israel and water and vapor data from 
the Mediterranean. Together, these data allow us to quantify the 
major processes that control the hydrological cycle of the Eastern 
Mediterranean and evaluate the processes that control the long-
term average isotopic composition of precipitation in Israel.

1.1. Modern climatology of Israel

Rainfall in Israel occurs almost exclusively between Oct and Apr, 
with most of the rainfall falling between Dec and Feb. During the 
rainy season, cold-core, upper-level, low-pressure troughs propa-
gate from west to east over southern Europe and the Mediter-
ranean (Ziv et al., 2006). When dry air from Europe passes over the 
mountainous regions to the north of the Mediterranean it encoun-
ters the warm Mediterranean sea surface and forms the Cyprus 
Low, a cyclonic surface low-pressure system, which lifts the moist-
ened marine air to produce clouds and precipitation (Fig. 1). These 
systems migrate eastward and deliver precipitation over Israel (Ziv 
et al., 2006) (Fig. 1).

The topography of Israel can be divided into three areas from 
West to East: the low coastal plain, a North-South mountainous 
region and the Dead Sea Valley (Fig. 1). Precipitation amount gen-
erally correlates with temperature and altitude, where greater pre-
cipitation falls at higher and colder elevations (Fig. 1). In addition, 
temperatures decrease and rainfall increases from South to North 
(Fig. 1). The southern part of Israel lies in the global desert belt 
and the northern part has a Mediterranean climate. The Dead Sea 
Valley is a local rain–shadow desert.

The climatic regime in Israel is, in many ways, ideal for isotopic 
study. As rainfall only occurs during winter there are no compli-
cations due to seasonality of precipitation. In addition, the cold 
temperatures during winter reduce evaporation from the base of 
the cloud and thus reduce the variability of the isotopic composi-
tion. The distance from the sea, elevation, temperature and latitude 
are all correlated, all driving the isotopic composition in the same 
direction. In addition, the short transport distance (<100 km) pre-
vents significant moisture recycling.

1.2. Definitions and isotope notations

During phase changes in the hydrological cycle, fractionation 
occurs between the heavy and light isotopes of oxygen and hydro-
gen due to differences in their vibrational energy and thus their 
affinity for higher (e.g. gas) or lower (e.g. water) energy states. 
Therefore, the ratio of the heavy to light isotopes records the 
magnitude of these phase changes (Gat, 1996). The isotopic com-
positions of oxygen and hydrogen (δ) are reported in the delta 
notation:

δ =
!

R(sample)

R(VSMOW)

"
− 1 (1)

Fig. 1. An annual rainfall map of Israel (gray scale) superimposed on a shaded relief 
map, showing the rainfall sampling sites (white triangles) and locations mentioned 
in the text. The site numbers correspond to Table 1. The map at the top left shows 
the general location and direction of the modern Cyprus Low (CL) – the prominent 
path of moisture reaching Israel.

where R is the ratio of the heavy to light isotopes and VSMOW is 
the standard used. The calculations are performed using the abun-
dance ratios, but for convenience the isotope data in the plots and 
tables are multiplied by 103 and presented in per-mil units (❤).

The equilibrium fractionation factor (αl−v(T )), which is a func-
tion of the temperature, is defined as:

αl−v(T ) = Rl

R v
(2)

where Rl and R v are the isotopic ratios in liquid and vapor, re-
spectively. Majoube (1971) empirically calculated the fractionation 
factor as:

lnα
18O
l−v = 1137

T 2 − 0.4156
T

− 0.00207 (3)

and

lnαD
l−v = 24844

T 2 − 76.248
T

+ 0.05261 (4)

where T is the temperature in Kelvin.
During equilibrium processes, the relative magnitude of frac-

tionation of oxygen and hydrogen (αD − 1)/(α18O − 1) cause hy-
drogen to fractionate ∼×8 that of oxygen. Therefore, the isotopic 
composition of global precipitation falls on a slope of 8 when plot-
ted on a δ18O vs. δD plot (Gat, 1996). The kinetic fractionation 
factor of oxygen is larger than that of hydrogen relative to equilib-
rium fractionation. Therefore, during kinetic fractionation, which 
predominantly occurs during evaporation at the moisture source 
(Merlivat and Jouzel, 1979), oxygen fractionates to a larger degree 
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Fig. 2. δ18OP vs. δDP weighted mean and yearly weighted mean standard error 
for all sites. The Mediterranean sites fall along the EMMWL (solid black line). The 
GMWL is presented as reference. The site numbers correspond to Table 1.

than hydrogen. The offset from equilibrium conditions is defined 
as d-excess and is calculated as d = δD − 8 × δ18O. Precipitation 
in many parts of the world exhibit a d = 10 and thus fall on the 
Global Meteoric Water Line (GMWL) defined as δD = 8 × δ18O + 10
(Craig, 1961).

2. Methods

Isotopic compositions of rainwater from 13 sites in Israel were 
collected and analyzed by A. Ayalon and M. Bar-Matthews from the 
Geological Survey of Israel (Ayalon et al., 2004). An additional site 
(Bet Dagan) with a very long precipitation record was added to 
the data set from the WISER database (http :/ /www-naweb .iaea .
org /napc /ih /IHS _resources _isohis .html, accessed 25/8/15). These 
14 sites span almost the entire length of Israel; they have a precip-
itation range of 40 to 1400 mm/yr (Fig. 1) and an elevation range 0 
to 1600 m above sea level. The resolution and collection time vary 
between sites. The longest and most detailed record (daily reso-
lution) is from the Soreq Cave, spanning 1995–2013. The rest of 
the sites have sparser data, both in the number of years the data 
were collected and their resolution, which varies between daily 
and monthly (Table 1).

To assess the long-term value of δP , we first calculated annually 
weighted means using:

δP =
#

(δevent × rainfallevent)#
rainfall

(5)

The long term weighted mean was calculated using the annually 
weighted means and a weighted mean standard error was calcu-
lated for each site (Eq. (4.22) in Bevington and Robinson, 2003). 
The δ18OP was plotted vs. δDP from each site and a least square 
trend-line was fit to the data (Fig. 2). To evaluate the empirical 
correlations of δP with rainfall amount, distance from the ocean 
(continentality) and altitude effects (Gat, 1996), δ18OP and δDP
were plotted vs. average rainfall amounts, elevation and distance 
from the sea of each site (calculated as the distance to the nearest 
coast) (Fig. 3).

3. Results

The differences in the thermodynamic and kinetic properties of 
hydrogen and oxygen result in different magnitudes of response to 
hydrological processes. Thus plotting both isotopic systems can il-
luminate these processes. The compiled data from all sites (Fig. 2
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Fig. 3. a and b. δ18OP and δDP vs. annual rainfall amounts. Regression lines were fit to all sites (dashed gray line) and separately for the Mediterranean sites (solid black).
c and d. δ18OP and δDP vs. altitude. e and f. δ18OP and δDP vs. distance from the Mediterranean coast. Regression lines were fit to the Mediterranean sites (solid black). 
The desert sites do not fall on the Mediterranean trend line due to the affect of evaporation during precipitation.

and Table 1) show that plotting δ18OP vs. δDP enables distinguish-
ing between three groups of sites. The first group is composed 
of sites located in the Mediterranean climate region (henceforth, 
Mediterranean sites). These sites fall on a straight line (solid line 
in Fig. 2 and solid black line in Fig. 5) with a least-square fit of:

δDP = 8.5 × δ18OP + 24.1
$

R2 = 0.99
%

(6)

A linear fit assumes variance only in the Y -axis (δD), therefore 
we also calculated an orthogonal fit that takes into account varia-
tions in both axes. The orthogonal fit is: δDP = 8.6 × δ18OP + 24.7, 
which is not significantly different from the least square fit. The 
slope of the best-fit line differs from the East Mediterranean Me-
teoric Water Line (EMMWL) defined by Gat and Dansgaard (1972)
as: δDP = 8 × δ18OP + 23. The theoretically predicted slope is a 
function of sea surface temperature (SST), which for a 16.9 ◦C win-
ter Mediterranean SST (Gat et al., 2003) should be 8.8. Therefore, 
the best fit-line calculated in Eq. (6) better fits the theoretical value 
and thus should be used when calculating the deviation from equi-
librium values in the Eastern Mediterranean.

In accordance with Dansgaard (1964) and Gat et al. (1996) the 
rainfall that reaches the Mediterranean sites (those that fall on the 
EMMWL) is not affected by evaporation during the rainfall events, 
and therefore, the d-excess of these sites is set by evaporation 
conditions at the moisture source (i.e. East Mediterranean surface 
water).

The two other groups of sites fall to the right of the EMMWL. 
These sites are located in the rain–shadow desert (The Dead Sea 
Valley) and the Negev Desert in the south of Israel. The reason for 
this displacement is that rainfall falling over the desert sites most 
likely undergoes evaporation during the rainfall event (Stewart, 
1975; Ayalon et al., 2004). The isotopic compositions from the east-
ern sites in the Negev (i.e. Mitzpe Ramon and Makhtesh Qatan) fall 
very close to the GMWL. This is due to a coincidental cancelation 
of the kinetic fractionation over the Mediterranean during the ini-
tial evaporation and the kinetic fractionation during precipitation 
in the Negev (Figs. 2 and 5).

An additional way to investigate the processes involved in pro-
ducing the isotopic composition of precipitation is to evaluate 

whether these are correlated with climatic and geographic param-
eters. The most informative of these globally empirical correlations 
are rainfall amount, elevation and distance from the sea. A strong 
correlation exists between the annual rainfall amounts and δ18OP
(R2 = 0.95 for an exponential fit) and δD (R2 = 0.91 for a 2nd or-
der polynomial fit) (dashed lines in Fig. 3a, b). As the dataset is 
composed of two groups of sites, those that exhibit kinetic frac-
tionation during precipitation and those that do not, individual 
exponential trend-lines were plotted for the Mediterranean sites 
(solid black line in Fig. 3a, b).

The Mediterranean sites show a strong correlation between 
δ18O and δD vs. elevation (R2 = 0.85 and 0.81, respectively) with a 
magnitude of 1.3❤/km and 10❤/km for δ18O and δD, respectively 
(Fig. 3c, d). In addition, there is a significant correlation between 
δ18O and δD vs. the distance from the Mediterranean Sea (R2 =
0.58 and 0.49, respectively) with a magnitude of 0.2❤/10 km and 
2❤/10 km for δ18O and δD, respectively (Fig. 3e, f). In the desert 
sites, the kinetic processes overprint the altitude and distance from 
the sea effects.

4. Discussion

δP from Israel shows good empirical correlations with rainfall 
amount, altitude and distance from the sea. These processes are 
all qualitatively correlated. As an air-mass moves eastward, the 
distance from the sea increases and topography progressively be-
comes higher, producing colder temperatures and orographic rain. 
These empirical correlations, though strong, are merely a mani-
festation of the underlying rainout-distillation process that gov-
erns δP . The distillation process is hard to measure empirically and 
requires additional information in order to evaluate its properties. 
In the first part of the discussion, we evaluate whether Rayleigh 
distillation affects δP in Israel, by: a) calculating the fraction of re-
maining vapor for each site and b) constructing a model based on 
the sea-surface to land temperature gradient. In the second part 
of the discussion, we use the understanding of the modern princi-
ples controlling δP to constrain the likely hydrological changes that 
occurred during the LGM in the Mediterranean.
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4.1. The effect of Rayleigh distillation on precipitation

The isotopic composition of precipitation (δP ( f )) forms by the 
condensation of vapor into droplets following the equation:

δP ( f ) = αl−v(T ) × (δv( f ) + 1) − 1 (7)

where δP ( f ) and δv( f ) are the isotopic composition of rain and va-
por as a function of f – the fraction of vapor remaining in the 
cloud (Gat, 1996).

To assess the vapor composition in a cloud as a function of 
the distillation process (δv( f )) the Rayleigh distillation model as 
applied for isotopes, states that (derived from: Gat, 1996):

δv( f ) = (δv( f =1) + 1) × f (α−1) − 1 (8)

where δv( f =1) is the initial composition of vapor at the time it is 
formed (elaborated in 4.1.1). Therefore, δP as a function of distilla-
tion can be calculated by solving for δv( f ) using Eqs. (7) and (8):

δP = α(δv( f =1) + 1) f (α−1) − 1 (9)

and the fraction of remaining vapor ( f ) is calculated by rearrang-
ing Eq. (9):

f =
&

δP + 1
α(δv( f =1) + 1)

' 1
α−1

(10)

4.1.1. The effect of evaporation on the isotopic composition of vapor
The isotopic composition of the initial vapor (δV ( f =1)) forms 

during evaporation from the sea surface. The Craig–Gordon model 
(Craig and Gordon, 1965) divides this process into two steps; in the 
first step, sea surface water evaporates into a saturated boundary 
layer and thus follows equilibrium processes;

δV (eq) = (δsw + 1)

αv−I(T )
− 1 (11)

where δsw is the isotopic composition of seawater and the equi-
librium fractionation factor is a function of the SST (Eqs. (3) and 
(4)). The second step involves diffusion through an unsaturated 
layer which results in kinetic fractionation (#εsw−v(NH)), which is 
a function of normalized humidity (NH – the atmospheric vapor 
content normalized to saturated vapor at SST). Lower NH will re-
sult in higher #εsw−v(NH) . Therefore the initial vapor that forms 
above the sea (δV ( f =1)) is:

δV ( f =1) = (δsw + 1)

αv−I(T )
− 1 − #εsw−v(NH) (12)

By rearranging Eq. (12) it is possible to solve for #εsw−v(NH):

#εsw−v(NH) = (δsw + 1)

αv−I(T )
− 1 − δV ( f =1) (13)

Thus, to calculate f for each site using Eq. (10), the following 
parameters are required: a) the average isotopic composition of 
Mediterranean Sea water (δsw); b) the equilibrium fractionation 
factor (αl−v(T )) for the evaporation process (requires: average SST); 
c) the kinetic fractionation factor (#εsw−v(NH)) (requires: average 
NH over the Mediterranean and the relation between the magni-
tude of kinetic fractionation and NH); d) the initial isotopic com-
position of the vapor (δV ( f =1)) and e) ground temperature at each 
rainfall monitoring station which will be used to calculate the 
equilibrium fractionation factor (αl−v(T )) of the rainfall condensa-
tion. In the following paragraphs these parameters will be derived 
and the contribution of the distillation effect on δP in Israel will 
be evaluated.

4.1.2. Stable Isotopes in Mediterranean Sea water and vapor
Gat et al. (2003) analyzed Mediterranean water, vapor, SST, NH 

and storm track directions during the winter of 1995. In this paper, 
the authors claim that the isotopic composition of the Mediter-
ranean vapor falls along the EMMWL, albeit with a large scatter 
(Fig. 6 in Gat et al., 2003). Here we suggest a new interpretation of 
the raw data collected by Gat et al. (2003) that accounts quite well 
for the NH, SST and isotopic composition of the Mediterranean wa-
ter vapor and enables us to quantify #εsw−v(NH) .

When plotting the data Gat et al. (2003) collected from the deck 
of the ship, it is evident that there are two distinct groups that fol-
low two trend lines (Fig. 4). Group A consists of samples 9, 11–18, 
20–22, 24–25 and follows an orthogonal linear fit of:

δD = 2.74 × δ18O − 48.8 (14)

Group B consists of samples 1–8, 10, 13–14, 19 and follows an 
orthogonal linear fit of:

δD = 4.9 × δ18O − 25.55 (15)

Sample 23 is an outlier that does not fit into either of the 
groups.

Based on the synoptic maps and the ship’s logbook, Gat et al.
(2003) noted rainy conditions during the collection of 9 samples 
(Nos. 1, 2, 3, 5, 6, 7, 8, 10, 19). All of these samples are part 
of group B and none of group A. Only 3 samples from group B 
(4, 13, 14) were not associated with rainfall events. Though, as 
rainfall was not directly observed during the sampling but deduced 
later on, we chose to interpret group B as a whole as collected 
during rainfall events. The reason for the difference in the slopes 
of the trend lines of both groups is not clear. A possible explana-
tion could be that during rainout the vapor content becomes more 
depleted (Gat, 1996) shifting the vapor measurements to more 
negative values. For this reason, henceforth, only group A will be 
assumed to represent the vapor over the Mediterranean.

To assess the effect of NH on δV , we calculated the isotopic 
composition of vapor at equilibrium with the Mediterranean sea-
surface (δV(eq)) using Eq. (11). For the calculation we used an 
isotopic composition of Mediterranean seawater (δsw) of: δ18O =
1.25❤ (average of data from: Gat et al., 2003) and δD = 8❤ (Gat 
et al., 1996). The average SST used is: 16.9 ◦C (Gat et al., 2003). 
The result of Mediterranean δv(eq) is: δ18Ov(eq) = −8.73❤ and 
δDv(NH=1) = −74.23❤. The δv(eq) falls very close to the trend line 
predicted by group A, enabling us to use δv(eq) as a reference point 
to measure the magnitude of the kinetic fractionation. In this way, 
the distance of each measured vapor point from δv(eq) is the ki-
netic fractionation factor (as can be seen graphically in Fig. 4a). 
The calculated kinetic fractionation factor at each site can then be 
plotted vs. 1 − NH (Fig. 4b, c), the resulting trend-lines are:

#ε18O(NH) = −8.74 × (1 − NH)
$
r2 = 0.90

%
(16)

#εD(NH) = −20.82 × (1 − NH)
$
r2 = 0.92

%
(17)

The consistency of the measured δv(NH) (Group A) with the cal-
culated δv(eq) (based on SST) enable an adequate quantification of 
#ε18O(NH) and #εD(NH) for the Mediterranean. The standard er-
ror of the estimate is 0.5❤ and 6❤ for #ε18O(NH) and #εD(NH) , 
respectively.

Molecular diffusivity theory predicts that #ε(NH) = (1 − h) ×
θ × n × Ck , where Ck is a constant describing the ratio of heavy to 
light isotope molecular diffusivity (Ck(

18O) = 28.5❤ and Ck(D) =
25.11❤), θ is the ratio of molecular diffusive transport resistance 
to the total sum of molecular and turbulent transport and n is an 
additional weighing factor that accounts for the magnitude of tur-
bulent wind conditions (assumed to be 0.5 over the ocean) (Gat, 
1996). The coefficients of (1 − NH) in Eqs. (16) and (17) are equal 
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Fig. 4. Mediterranean vapor data. a. δ18O vs. δD, where the vapor data is divided into 1) vapor measured during times with no rainfall (black circles and solid black trend-line 
and 2) vapor measured during active rainfall (gray circles and solid gray trend-line). Error bars (1❤ and 0.1❤ for δD and δ18O, respectively) are smaller than the symbols 
and are thus not plotted. Shaded ellipses represent three groups of vapor data based on the meteorological systems that prevailed during the time they were sampled. 
The three synoptic maps (Gat et al., 2003) are typical examples of the meteorological systems that correspond to each shaded ellipse it is adjacent to. b. The magnitude 
of the kinetic fractionation of δ18OV (#ε18O(NH)) as a function of normalized humidity; the gray points are the distance of each vapor measurement from the zero kinetic 
fractionation (black circle, NH = 1, #εsw−v = 0) along the x-axis in Fig. 4a, the lower most point was omitted when calculating the trend-line. c. Same as plot 4b for #εD(NH)
(along the y-axis in Fig. 4a).

Fig. 5. δ18O vs. δD for the full isotopic hydrological cycle of Mediterranean seawater 
and vapor and Israel precipitation. The figure is based on the actual data (points and 
trend-lines). In addition, the schematic processes that govern the cycle (evaporation 
by heat/sun light, cloud formation and precipitation) are presented.

to θ × n × Ck , which result in θ(18O) = 0.6 and θ(D) = 1.2 for va-
por over the Mediterranean. The result for θ(18O) is in agreement 
with predicted values for the Mediterranean (∼0.5, Gat, 1996). The 
result for θ(D) is not possible as 0 < θ < 1. A possible explana-
tion for this discrepancy is that δD is more sensitive than δ18O 
to small changes in ocean temperature. The equilibrium values of 
δ18Ov were calculated using δ18Osw measurements conducted by 
Gat et al. (2003) simultaneously with the vapor measurements. 
δDsw were not measured by Gat et al. (2003), requiring us to use 
δDsw data from a previous cruise (δDsw is ∼ 8❤, Gat et al., 1996). 
This could produce the observed deviation of the calculated θ(D)
from the theoretical one. Coupled δDsw and δDv are required to 
assess this possible source of error in #εD(NH).

The variability of NH over the Mediterranean and the associated 
composition of the vapor are most likely the outcome of different 
synoptic patterns. These can be addressed using the synoptic maps 
given in Gat et al. (2003). From these data it seems that there are 

three distinct meteorological conditions that have different isotopic 
values and hence, different NH (Fig. 4a). The first, are systems that 
originate in the Atlantic Ocean and traverse Europe, they have en-
riched isotopic values (δ18O = −11 to −14❤, δD = −80 to −85❤) 
and respectively high NH (0.75–0.45). The second are systems that 
are more local and seem to reside over Eastern Europe and have 
more depleted isotopic values (δ18O = −14 to −16❤, δD = −90 to 
−110❤) and respectively low NH (0.45–0.25). The third are sys-
tems that take a southern path, these are not represented well in 
the dataset collected by Gat et al. (2003), and therefore, it is hard 
to draw conclusions about them. Typical examples of the three me-
teorological conditions are presented in Fig. 4a. The reason why 
these three groups have very different isotopic values is unclear at 
this point and is most likely due to different air mass histories and 
different mixing proportions of Atlantic and Mediterranean vapor. 
It is also interesting to note, that the intercept between group A 
and B falls directly on the GMWL (Fig. 4a). This might indicate 
that Mediterranean evaporation is not the sole moisture source 
and that N. Atlantic moisture with a d-excess of ∼10❤ reaches 
the E. Mediterranean (i.e. the E. Mediterranean system might be 
more complicated than a simple “closure assumption”, Good et al., 
2015). Nonetheless, the differences in the isotopic composition of 
these systems strengthens a point made by Gat and Carmi (1987), 
that any interpretation of variations in the isotopic composition of 
rainfall in the Levant must take into account possible changes in 
the isotopic compositions of these systems and their frequency.

For the purpose of assessing the magnitude of the distillation 
process, the long-term isotopic composition of the vapor (δV ( f =1)) 
and the respective NH are required. This can be calculated in 
two ways: a) the median of the vapor measurements over the 
source, which based on Gat et al. (2003) is δ18O = −12.97❤ and 
δD = −83.4❤ and b) graphically, this value is the intercept of the 
EMMWL (δD = 8.5 × δ18O − 24.1) with the trend-line describing 
the vapor of Group A (δD = 2.74 × δ18O − 48.8) (Figs. 4a and 5), 
which gives a value of δ18O = −12.7❤ and δD = −83.5❤. These 
two ways of calculating δV ( f =1) were derived by very different 
ways; the first is a simple average of the vapor measurements 
over the ocean, whereas the second is derived from the trend-
line of long-term rainfall measurements. Their similarity strength-



JID:EPSL AID:14122 /SCO [m5G; v1.190; Prn:2/11/2016; 12:55] P.7 (1-11)

Y. Goldsmith et al. / Earth and Planetary Science Letters ••• (••••) •••–••• 7

Table 2
Measured (columns 1 and 2) and modeled (columns 3–6) Rayleigh distillation parameters of the Mediterranean sites.

Site f (from 
measured
δ18O)

f (from 
measured 
δD)

e(s)
(model)

f
(model)

δ18O 
(model)

Residual 
(δ18Omodel − δ18Omeasuered)

Hermon 0.60 0.61 8.2 0.43 −11.05 −3.75
Neve Ativ 0.63 0.65 10.6 0.55 −8.35 −1.33
Peqiin 0.68 0.69 12.3 0.64 −6.92 −0.68
Mikhmanim 0.68 0.70 12.8 0.67 −6.47 −0.22
Haifa Port 0.74 0.75 16.7 0.87 −4.01 1.69
Bet Dagan 0.78 0.81 15.7 0.82 −4.54 0.53
Soreq 0.74 0.76 14.2 0.74 −5.51 −0.02
Jerusalem 0.68 0.71 12.9 0.67 −6.40 −0.15

ens the reliability of both data sets. Using the latter of these 
measurements the long-term average kinetic fractionation can be 
calculated (Eq. (13)) as: #ε18O(NH) = −12.7 + 8.7 = −4❤ and 
#εD(NH) = −83.5 + 74.2 = −9.3❤. Using equation (16) and the 
calculated #ε18O(NH) the average NH over the Mediterranean is 
54%. Using equations 17 and the calculated #εD(NH) the average 
winter NH over the Mediterranean is 55%.

4.1.3. Surface temperature at the rainfall collection sites
To calculate the fractionation factor between vapor and liquid 

(αl−v(T ) , Eqs. (3) and (4)) which is a function of temperature, we 
used average ground temperatures for the rainy months (Dec, Jan 
and Feb) from 44 stations in Israel spanning 1995–2012, (mea-
sured by the Israel Meteorological Service – http :/ /www.ims .gov.il /
IMS /CLIMATE /ClimaticAtlas /TempNormals .htm, accessed 19/8/15). 
Some stations are located in close proximity to the precipitation 
monitoring stations, for these stations, the average temperature at 
the station was used directly (regular font in Table 1). To assign 
a temperature to the monitoring stations that do not have tem-
perature stations in their close proximity we calculated a multiple 
linear regression of the average DJF temperature of all 44 stations 
as a function of elevation and latitude:

T = 17.92 − 0.00554 × M − 0.0056 × L/1000
$

R2 = 0.8
%

(18)

where T is the temperature in Celsius, M is elevation in meters 
and L is latitude in Israeli Transverse Mercator (ITM). From this 
least square fit we derive a model temperature for each of the re-
maining stations (bold font in Table 1). A standard error of the 
mean of 0.3 ◦C (1σ ) was calculated by comparing the model data 
to the measured data.

4.1.4. Calculating the fraction of remaining vapor for each site
In the previous sections, the necessary parameters for calcu-

lating the distillation effect on δP in Israel were derived. Using 
Eq. (10), we calculated the fraction of remaining vapor in the cloud 
above each rainfall measuring station in Israel. We use the initial 
composition of vapor at the time it formed (calculated in the pre-
vious section as δ18O = −12.7❤ and δD = −83.5❤), the ground 
temperature (derived for the measured and modeled values) and 
the measured δP of each rainfall measuring station.

The Rayleigh models for both δ18O and δD are in agreement 
and set the fraction of remaining vapor in the cloud during its pass 
over Israel at 75%–60% (Table 2). This fraction decreases linearly as 
a function of distance from the Mediterranean Sea (Fig. 6a). Based 
on this data, the cloud rains out ∼25% over the Mediterranean, 
and an additional 20% during its passage over Israel.

The distillation calculation is based on ground temperatures at 
each rainfall station and the average SST measured by Gat et al.
(2003). Though, the actual temperatures that control the isotopic 
composition are the condensation temperatures at the base of the 
cloud. Thus, a correction is required to account for the initial vapor 
temperature and the temperature of the clouds during the rainout 

Fig. 6. a. The fraction of liquid remaining in the cloud ( f ) for each of the Mediter-
ranean sites plotted vs. the distance from the Mediterranean. f was calculated using 
a Rayleigh distillation model for δ18O (black square) and δD (gray triangle). b. Resid-
uals of the Rayleigh distillation model of the isotopic composition of rainfall in 
Israel minus the measured weighted mean of the isotopic composition of rain from 
the Mediterranean sites in Israel. The residuals are plotted vs. the distance from 
the Mediterranean Sea. There are three distinct regions: the mountainous region 
which Rayleigh distillation model predicts the isotopic composition to a high de-
gree and the coastal plain and Mt. Hermon that the model deviates from measured 
values. c. A schematic diagram showing the temperature/altitude as a function of 
the distance from the Mediterranean coast, explaining why the model does not pre-
dict well the isotopic composition of rain in the coastal plain and Mt. Hermon. The 
model uses ground and sea-surface temperatures (solid black line) and assumes a 
constant temperature offset between the ground and the base of the cloud (dashed 
black line) where the fractionation occurs. The results of the model do not agree 
with a constant temperature offset, rather they require a lower temperature gra-
dient (solid gray line), such a gradient would explain why the measured isotopic 
composition in the coastal plain in more depleted than the model predicts and why 
the measured isotopic composition in Mt. Hermon is more enriched than the model 
predicts.

process. Assuming that a typical Levantine rain cloud has an ele-
vation of 500–1000 m above ground and applying a dry adiabatic 
lapse rate would set the cloud base temperature at 5–10 ◦C colder 
than that at the surface. We repeated the distillation calculations 
to account for the ground to base of the cloud temperature offset. 
The results show that the fraction of remaining vapor in the cloud 
decreases by ∼5%, which is not significantly different from those 
derived from the ground temperature values (75–60%).

4.1.5. Modeling the isotopic composition of the rainfall
In the previous sections, we showed that δP in Israel correlates 

well with the amount, altitude and continental effects that are all 
empirically based correlations. To assess the driver of these empir-
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ical relations, a model of δ18OP at each rainfall station was con-
structed by combining the Rayleigh distillation equation (Eq. (9)) 
with the Clausius–Clapeyron relation (after: Criss, 1999: 112). The 
fraction of remaining vapor in the cloud ( f ) is calculated using the 
sea-surface (Tsw ) to land temperature (Trainfall) gradient of each 
site:

f = es(Trainfall)/es(Tsw), (19)

where es is the saturated vapor pressure calculated using the 
August–Roche–Magnus approximation of the Clausius–Clapeyron 
relation that states the relation of saturated vapor pressure (es) 
with temperature (T in ◦C) (Bürger et al., 2014):

es(T ) = 6.1094e[17.625T /(T −243.04)] (20)

The model precipitation δ18Omodel are then compared to the mea-
sured δ18Omeasured and the residuals are plotted vs. the distance 
from the Mediterranean coast (Fig. 6b and Table 2). The results 
divide the Mediterranean sites into 3 regions: a) sites located in 
the mountainous region of Israel (including Soreq Cave) where the 
model predicts the average δ18OP to within 0.6❤ of the observed 
values, b) coastal plain sites which are more depleted than what 
would be expected based only on ground temperature and c) Mt. 
Hermon in the northern tip of Israel that shows values that are 
enriched in respect to that expected based solely on ground tem-
perature. The remarkable similarity of the model and measured 
data in the mountainous region indicates that a Rayleigh distilla-
tion process driven by the sea surface to land temperature gradient 
is a major control on δP in Israel. The empirical correlation with 
distillation, amount, altitude and continental effects shown above, 
are thus fundamentally a by-product of the sea surface to land 
temperature gradient.

A possible explanation for the differences between measured 
and model data of the coastal plain and in Mt. Hermon would 
be that the temperatures used in this model are ground temper-
atures and not the cloud temperatures (as explained above). The 
model assumes that the sea surface to land temperature gradient 
remains constant throughout the whole rainout process. This as-
sumption seems to work for the mountainous region but not for 
the coastal plain sites or the Mt. Hermon site. A possible resolution 
would be if the surface to cloud offset were larger over the coast 
and would decrease as the cloud moves inland (Fig. 6c). A 2❤ en-
richment, as seen in the coastal plain sites, can be explained by a 
2.5 ◦C larger ground to cloud temperature offset (i.e. the tempera-
ture at the base of the cloud is 2.5 ◦C colder than predicted by the 
ground temperature). The same reasoning can be applied for Mt. 
Hermon where a 3.5❤ depletion can be explained by 5 ◦C smaller 
ground to cloud offset.

4.2. Constraints on δP during the Last Glacial Maximum

Based on the understating of the importance of the distilla-
tion process on modern precipitation, we constructed a model that 
describes the full hydrological cycle of sea surface water, evapora-
tion, distillation and precipitation during the LGM (25–20 ka). The 
composition of the LGM East Mediterranean sea-surface water was 
calculated using the δ18O recorded in planktonic foraminifera (G. 
ruber = 3.2❤ ± 0.1❤ VPDB) (Almogi-Labin et al., 2009), corrected 
for a sea surface temperature of 10 ◦C ± 0.5 during the winter 
months (7 ◦C colder than present, Almogi-Labin et al., 2009), and 
converted to the VSMOW scale (Eq. (4) in Arbuszewski et al., 2010
modified from Bemis et al., 1998) resulting in δ18Osw = 2.11❤ VS-
MOW. Using Eq. (11) the δ18O of vapor at equilibrium with the 
sea surface would have been −8.5❤. The average δ18OC in the 
Soreq Cave during the LGM was −3.1❤ ± 0.1 VPDB (data from: 
Bar-Matthews et al., 2003). This value was temperature corrected 

Fig. 7. The δ18OP over Soreq Cave as a function of distillation intensity. The mod-
ern distillation process and δ18OP over Soreq Cave are presented in black (dotted 
and circle, respectively). The gray dashed lines represent modeled distillation paths 
governed by different normalized humidity (NH) values over the Mediterranean 
(0.3–0.9). The d-excess (d = δDv( f =1) − 8.7 × δ18Ov( f =1)) associated with these NH 
values was calculated using the temperature corrected δ18Osw (2.11❤) and the 
corresponding δDsw (18.5❤) calculated using an equilibrium slope in δ18O vs. δD
space (9 at 10 ◦C). The composition of LGM δ18OP over Soreq is presented as a 
solid black line. The gray ovals represent three possible scenarios that can explain 
the δ18OP over Soreq during the LGM (see text for elaborate discussion of these 
scenarios).

Fig. 8. Modern and proposed LGM storm tracks over the Mediterranean.

(Kim and O’Neil, 1997) using a 5 ◦C winter temperature (assuming 
a 7 ◦C decrease in temperature relative to present, identical to the 
East Mediterranean) and converted to the VSMOW scale, resulting 
in δ18Op = −5.1❤ VSMOW.

To quantify the full system, two additional parameters are 
needed: NH above the Mediterranean and the amount of distil-
lation that occurred before reaching Soreq Cave (from Eq. (10)). 
Based on the modern relation of #εsw−v(NH) (Eq. (16)) and a suite 
of NH values (0.3–0.9) a model was constructed that shows pos-
sible distillation paths that could produce the Soreq LGM value of 
δ18OP = −5.1❤ (Fig. 7). To calculate the d-excess, we first calcu-
lated the theoretical slope of the meteoric water line for a 10 ◦C 
LGM Mediterranean sea and used the offset of the modern mea-
sured minus theoretical slope (8.8 − 8.5 = 0.3) to get the slope of 
the LGM meteoric water line (9 − 0.3 = 8.7). Then using Eqs. (16)
and (17) we calculated the d-excess (Fig. 7).

To assess the error on f from all parameters excluding NH, we 
preformed an error propagation analysis using a Monte Carlo sim-
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ulation (see Appendix A). The results of the error analysis show 
that for each ascribed NH value (each realization), the propagated 
error of f is 3% (1σ ) (Fig. S1). Thus the uncertainty in the estimate 
of f is largely associated with the uncertainty in the estimation of 
NH over the Mediterranean, whereas the uncertainty of the other 
parameters only minimally contributes to the overall uncertainty 
(Fig. S2).

The results of the model (Fig. 7) show that there are three 
types of scenarios that could produce the LGM rainfall compo-
sition: I) during the LGM, the amount of distillation over Israel 
was 10–20% larger and NH over the Mediterranean was 10–20% 
higher than present; II) the amount of distillation over Israel was 
the same as today and the normalized humidity was 10% lower 
over the Mediterranean, and III) during the LGM, the amount of 
distillation was smaller and the NH was 20% lower than today.

To assess which one of these three end member scenarios 
is the most plausible, additional paleoclimate proxies are evalu-
ated. Fluid inclusions in Soreq speleothems (Matthews et al., 2000;
McGarry et al., 2004) show a d-excess of 10–20❤ during the LGM 
(i.e. 10❤ lower than present), these values fit scenario I and to a 
lesser extent scenario II, but rule out scenario III. Clumped isotopes 
in Soreq speleothems (Affek et al., 2014) show a 10 ◦C cooling 
during the LGM. Assuming a 7 ◦C cooling in the Mediterranean 
(Almogi-Labin et al., 2009) results in an increased Mediterranean 
Sea – Soreq temperature gradient. Using the reasoning for the 
modern climatic conditions presented above, an increase in the 
Mediterranean Sea – Soreq temperature gradient would result in 
an increase in the magnitude of distillation, which would fit sce-
nario I. Though, the uncertainty in temperature reconstructions 
(SST and Soreq clumped isotope temperature), complications due 
to soil evaporation (e.g. Bar-Matthews et al., 1996) and the greater 
distance from the sea due to lower sea level during the LGM does 
not completely rule out scenario II. The high-stand of Lake Lisan 
during the LGM (+200 m of mean Holocene values) and the HCO−

3
budget of the lake require an increase in precipitation over Israel 
(Enzel et al., 2008). Both scenario I and II could fit this record: sce-
nario I requires an increase in the amount of precipitation of each 
rainfall event (i.e. increased distillation), and scenario II requires 
an increase in the number of rainfall events without an increase 
in the amount of precipitation of each event (i.e. without a change 
in the magnitude of distillation). These three independent paleo-
climate proxies point to scenarios I and II as the most plausible, 
though, due to measurement precision and natural scattering, the 
ability to differentiate which one of the two scenarios is most plau-
sible is not possible at this point.

Scenario I requires that during the LGM the Mediterranean had 
NH values of 70–90%, 10–30% higher than present, closer to the 
global average (∼80%–90%, Merlivat and Jouzel, 1979). The mod-
ern low humidity over the Mediterranean forms when dry air from 
Europe encounters the warm Mediterranean Sea (Ziv et al., 2006). 
During the LGM, a moisture path over Europe could not have re-
sulted in higher NH values due to the extensive ice cover over 
Europe that would have resulted in higher-pressure systems driv-
ing drier air into the Mediterranean. Therefore, a possible solution 
would be that the Atlantic vapor shifted southward over pass-
ing the warmer Southern Europe (Fig. 8) (for similar results see: 
Florineth and Schlüchter, 2000, and Enzel et al., 2008 for a more 
detailed synoptic overview and discussion of this shift). A southern 
shift of this route would result in air masses with higher humidity 
entering the Mediterranean and produce precipitation over Israel 
with a smaller d-excess.

5. Conclusions

Long-term averages of the isotopic composition of precipita-
tion from 14 sites in Israel and vapor data from the Mediter-

ranean allow the full hydrological cycle of sea surface water, va-
por, distillation, precipitation and evaporation to be assessed. The 
results show that the long-term isotopic composition of precipi-
tation in Israel is governed primarily by the composition of the 
Mediterranean, normalized humidity over the Mediterranean and 
the sea-surface to land temperature gradient that drives the dis-
tillation effect. The isotopic composition of precipitation is em-
pirically correlated with the amount of precipitation (r2 = 0.95), 
altitude (r2 = 0.85) and distance from the ocean (r2 = 0.58). These 
high correlations are driven by the distillation process via a tem-
perature decrease as a function of altitude and distance from the 
coast. The isotopic composition of precipitation in sites located in 
the desert region is affected by evaporation during precipitation 
process, which does not affect sites located in the Mediterranean 
region. δ18O values from Soreq Cave speleothems and from East 
Mediterranean G. ruber were used to construct a model of the iso-
topic composition of precipitation for the LGM (25–20 ka). The 
model was constrained using data from speleothem fluid inclu-
sions and clumped isotope and data regarding Lake Lisan hydrol-
ogy during the LGM. The results suggest two possible reconstruc-
tions of the LGM hydrology: I) during the LGM, the amount of 
distillation over Israel and NH over the Mediterranean were higher 
than present; II) the amount of distillation over Israel and NH over 
the Mediterranean were roughly the same as today. Scenario I re-
quires a significant increase in the NH over the Mediterranean, 
such an increase was most plausibly the result of a southern shift 
of the moisture sources over southern Europe bringing in warm-
moist Atlantic vapor directly into the Mediterranean resulting in 
higher normalized humidity values and a smaller d-excess in rain 
over Israel.
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Appendix A. Error propagation of LGM reconstruction

Bellow we drive the equations used and preform a Monte Carlo 
error propagation of the fraction of remaining vapor.

Combining Eqs. (10) and (12)

f =
&

(δp + 1000)

αsq(
(δsw+1000)

αsst
− #ε)

' 1
αsq−1

Accounting for kinetic fractionation from Eq. (16).

f =
&

(δp + 1000)

αsq(
(δsw+1000)

αsst
+ 8.74(1 − NH))

' 1
αsq−1

Converting δp to δCaCO3 and converting from VPDB to VSMOW us-
ing (Kim and O’Neil, 1997).

f =
& (1.03086XδCaCO3 +30.86)+1000

αCaCO3

αsq(
(δsw+1000)

αsst
+ 8.74(1 − NH))

' 1
αsq−1

Converting δ f oram from VPDB to VSMOW using δ18OSW(VSMOW) =
δ18Oforam(PDB) + ((T − 16.5)/4.8) + 0.27 from: Bemis et al. (1998).

f =
& (1.03086×δCaCO3 +30.86)+1000

αCaCO3

αsq(
(δforam+ Tsst −16.5

4.8 +0.27)+1000)

αsst
+ 8.74(1 − NH))

' 1
αsq−1
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The parameters used including uncertainties

δCaCO3(VPDB) = −3.1❤ ± 0.1 (Bar-Matthews et al., 2003).

δforam(VPDB) = 3.2❤ ± 0.1 (Bar-Matthews et al., 2003).

The uncertainty of δ18Oforam is not presented in Almogi-Labin et 
al., 2009, as they used the same instrument (VG SIRA II mass spec-
trometer) as Bar-Matthews et al. (2003), we took the instrumental 
uncertainty from the later.

δ18Osw = δ18Oforam(VPDB) + ((T − 16.5)/4.8) + 0.27 ± 0.7 ◦C

from: Bemis et al. (1998).

Tsst = 10 ◦C ± 1 (Almogi-Labin et al., 2009).

Tcave = 5 + 273.15 = 278.15 ◦K (Almogi-Labin et al., 2009) ± 0.5.

αsst = 1.0107 ± 0.00011 (Horita and Wesolowski, 1994)

using percent of error in 1000 lnα.

αsq = 1.0112 ± 0.00011 (Horita and Wesolowski, 1994)

using percent of error in 1000 lnα.

αCaCO3 = 1.0330 ± 0.000103 (Kim and O’Neil, 1997)

using percent of error in 1000 lnα.

#ε18O(NH) = ±0.5❤.

NH = 0.8 (for demonstrating uncertainty).

Error propagation using Monte Carlo simulation.
Each parameter was ascribed 10,000 normally distributed ran-

dom values with a mean = 0 and standard deviation = 1. These 
were multiplied by the uncertainty and added to the parameter 
value. The fraction of remaining vapor was calculated 10,000 times. 
The probability density function was plotted (Fig. S1). The results 
show a normally distributed f with a range of ∼20% and standard 
deviation of 3%. These results indicate that the uncertainty in the 
estimate of f is largely associated with the uncertainty in the es-
timation of NH over the Mediterranean, whereas the uncertainty 
of the other parameters only minimally contributes to the overall 
uncertainty (Fig. S2).

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2016.10.017.
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