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Abstract The spatial variability of the d18O and dD

compositions of rain is attributed to variations in amount of

precipitation (PPT), altitude effect, and air masses origi-

nating from different sources. Air masses that enter the

area passing the Mediterranean Sea result in higher

d-excess. The cold and dry continental air masses origi-

nating from the European continent come in contact with

the warm Mediterranean Sea water, resulting in rapid

evaporation and large scale convergence. The low d-excess

value is less than 16 % and associated with air masses that

cross over the North African continent and controlled by a

local orographic effect. The change in isotopic composition

of d18O in PPT with altitude is -0.15 % per 100 m. A

statistical model confirms that a slight decrease in annual

average precipitation has occurred since 1988 and attrib-

uted to a minor change in climate. The current level of

tritium in rain corresponds to the average level of tritium in

the atmosphere. Rabba station recorded a twofold higher

tritium concentration in 1995 than the other stations, which

may be from leakage from a nuclear station in Israel. The

chemistry of rainwater demonstrates a wide range of

salinity (100–600 mg/l). The lowest solute concentrations

are found at high elevations, and the highest solute con-

centrations are found in the eastern desert and the Jordan

Rift valley. The salinity of rain is affected by desert dust,

aerosols, amounts of PPT, and the direction of rain fronts.

The aerosols and windblown soil are the most prevailing as

the country is confined between three seas and the outcrop

surficial geology is mainly sedimentary rocks.
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Introduction

Water resources in Jordan are limited and mainly sourced

from groundwater. Precipitation (PPT) is vital and the pri-

mary source of recharge for various groundwater aquifers in

Jordan. The hydrogen and oxygen isotopic composition of

rainwater and variations in amounts of PPT can be helpful to

discern the physical processes affecting PPT. Moisture in the

atmospheric originates from oceans where its chemical

composition is determined by isotopic effects related to

evaporation and condensation between ocean water and the

atmosphere (Boyle 1997). Evaporation, cooling, condensa-

tion, and rainout occur by different meteorological processes

such as transportation from oceanic to continental regions,

orographic lifting, and convective processes (Rozanski et al.

1993). The isotopic composition of the vapor in the atmo-

sphere can be also further modified by mixing with evapo-

rated meteoric water (Gat et al. 1994).

The stable oxygen and hydrogen isotope compositions

of meteoric water exhibit spatial variation all over the

Earth. Understanding the evolution of d18O and dD com-

positions of PPT through primary evaporation, condensa-

tion, re-evaporation, and infiltration is essential for

hydrological studies. Isotopic models of PPT are generally

based on the Rayleigh fractionation mechanism: as rain or

snow falls from the cloud, depletion in oxygen-18 and

deuterium is observed in the residual condensed air mass

and thus in subsequent PPT (Dansgaard 1964; Gat 1980).
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On a global average, the general relationship between
18O/16O and 2H/1H for natural waters in PPT at a particular

site over time is linear and expressed by the global mete-

oric water line (Craig 1961):

dD ¼ 8 d18Oþ 10&

Deviation from the global meteoric water line (GMWL)

is defined by a local meteoric water line (LMWL), which

can be expressed by deuterium excess (Dansgaard 1964).

The d-excess ¼ dD� 8 � d18O

The d-excess can be used to identify vapor source

regions, which may vary seasonally (Dansgaard 1964). The

d-excess is regarded as the most useful stable isotope

property for characterizing the vapor origin of water (Gat

and Carmi 1970). Low d-excess values of PPT reflect slow

evaporation at its source region due to high humidity,

whereas high values reflect fast evaporation due to low

humidity and re-evaporated moisture from continental

basins to the water vapor traveling inland (Clark and

Fritz 1997).

In the eastern Mediterranean, the d-excess value is

higher than 10 because evaporation processes at the sea

surface occur into low-humidity air masses of continental

origin. The oxygen–hydrogen isotope relationship has been

expressed by the Mediterranean meteoric water line

(MMWL), dD = 8 d18O ? 22 (Gat 1980; Gat and Carmi

1987). The location of the data on the LMWL indicates the

origin of the air moisture. PPT throughout the eastern

Mediterranean area shows a different correlation between

d18O and dD with, d value of *22 % (Gat and Carmi

1970).

Tritium is a radioactive isotope of hydrogen (3H), and

has a half-life of 12.43 years. It is produced in the upper

atmosphere by the interaction of cosmic ray-produced

neutrons with nitrogen atoms. The tritium content of

atmosphere has increased greatly since 1952 owing to

thermonuclear explosions in the northern hemisphere,

which makes it a useful tool to elucidate the residence time

of recently recharged groundwater.

Realizing the importance of the basic data on isotopic

composition of PPT to hydrology, we collected and ana-

lyzed data on d18O, dD, tritium, and chemical analysis

from PPT on a monthly basis for various years from 11

rainfall stations all over the country. The main goal of this

study was to provide an index of the isotopic and chemical

compositions to understand the spatial distribution of iso-

topes and its variation through time in a small scale area

like Jordan. Furthermore, the collected isotope data can be

used in different hydrological investigations.

Jordan lies climatically within the Mediterranean Bio-

climatic region with a concentration of rainfall during the

cool wet winter season and a very marked summer drought.

This relatively simple climatic regime is caused by the

interaction of two major atmospheric circulation patterns.

During the winter months, Jordan is within the sphere of

influence of the temperate latitude climatic belt, and cool,

moist air moves eastward from the Mediterranean over the

area. In the summer months, the area lies within the sub-

tropical high pressure belt of dry high temperatures

(Meteorological Department of Jordan 1998). Rainfall over

Jordan varies where autumn/spring rains are associated

with Mediterranean air and originate from the Atlantic

Ocean. Winter rains are associated with continental polar

air masses and originate from the Russian land in the north;

air masses pick up moisture from the Black and Aegean

seas. The desert in the eastern part of the country experi-

ences very minimal rain due to the rain-shadow effect of

the eastern steeper mountains. This area averages less than

100 mm of annual PPT. Rain decreases from an average of

600 mm/year in Ras Muneef to *250 mm/year in Deir

Alla in the Jordan Rift valley (JRV), within an aerial dis-

tance of 10 km and a difference in altitude of around

1,300 m. The rate of decrease in rainfall to the east is even

more dramatic and usually from 300 mm/year at the

Shoubak to 100 mm/year within 30 km distance to the east

(Fig. 1).

PPT in Jordan falls normally in the form of rainfall.

Snowfall occurs generally once or twice a year over the

highlands. The rainy season extends from October to April,

with the peak of PPT taking place during January and

February. Average temperatures increase gradually from

the dissected plateau to the eastern margins of the eastern

desert, and decrease gradually from South to North parallel

with increasing latitude.

Sampling and analysis

The current study analyzes oxygen and hydrogen isotopic

data (including radioactive tritium) of PPT that were

collected from different sources. One set of the data has

been collected from four stations during the time period

between 1965 and 1969 and also from unpublished data of

the International Atomic Energy Agency (IAEA). A sec-

ond set of data covers 11 stations and it has been collected

between 1987 and 1989 (Fig. 2; Bajjali 1990; Bajjali

1994; Bajjali et al. 1997). A third set of data has been

obtained from the monitoring program of the Water

Authority of Jordan (WAJ), which was collected incon-

sistently between 1990 and 2005. The IAEA data were

measured in the IAEA laboratory in Vienna, and the rest

of the data were measured in the laboratory of the WAJ

(Appendix 1).

Figure 2 shows the distribution of the 11 rainfall stations

in Jordan from which the PPT samples were taken. The

stations range in elevation from -224 m below the sea
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level to over 1,000 m above sea level (Table 1). Monthly

water samples were collected during the rainy season from

the 11 selected rainfall stations according to standard IAEA

specifications. The sample collection procedure included

precautions to minimize possible isotopic exchange and/or

evaporation of rainwater during collection in the gauge and

during the storage of samples. PPT samples were analyzed

for their major cations (Na, K, Ca, and Mg) and anions

Fig. 1 Average annual

rainfalls

Fig. 2 Location of sampling

rainfall gauge stations
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(Cl, HCO3, SO4, and NO3). Chemical composition of PPT

provides valuable information on the prevailing state of the

atmospheric environment in Jordan and about the sources

that contribute to rainwater chemistry, and it therefore,

enhances understanding of the dispersion of the ions

through deposition processes. The dD and d18O measure-

ments were determined by mass spectrometry (Delta-E

Finnegan Mat) with an overall precision of 1 and 0.15 %,

respectively. The isotope results were reported as parts per

thousand deviations of isotope ratios from Vienna Standard

Mean Ocean Water (V-SMOW). Tritium was measured by

a liquid scintillation spectrometer (Packard 3255) of water,

previously enriched by electrolysis and concentrations are

expressed in Tritium Units (TU). The error of measurement

is ±1 TU. The amount of PPT and mean monthly tem-

peratures are recorded for every gauge station.

Results and discussions

Variations in stable isotopic composition

Gat and Carmi (1970) calculated a LMWL for the eastern

Mediterranean: dD ¼ 8 � d18Oþ 22. The data presented

here suggest a slightly different LMWL for Jordan (Fig. 3),

dD ¼ 6:27� 0:11 � d18Oþ 11:40� 0:66

The correlation coefficient (R2) equals 0.93 (n = 481) at

95% confidence level. The values represented in Fig. 3 are

weighted mean values (WMV) for samples with PPT more

than 5-mm rain and signify exactly the same period of time

for both d18O and dD (Table 2). The WMV were

calculated following the equation.

dO18 ¼

Pn

i¼1 Pidi
Pn

i¼1 Pi

where Pi and di signify the collected amount of PPT and d

value, respectively.

The calculated slope of 6.27 indicates that the measured

values do not simply fit the Rayleigh condensation process

under equilibrium, which may imply that the WMV of the

intense rains ([5 mm) was considerably influenced by

vapor released from the Mediterranean Sea through a very

fast evaporation process. The low value of d-excess (11.4)

likely reflects the control of the mean condensation tem-

perature of the heaviest rain. Therefore, the monthly PPT

data points are scattered widely over the d18O–dD diagram.

The d18O and dD vary widely, between 1.39 and -9.27 %

and between -2.39 and -52.81 %, respectively. The

majority of the WMV of d18O and the dD follow the

MMWL trend, although considerable deviation is observed

(Fig. 3).

It is clear that all data points do not lie along one single

line in the d18O–dD diagram. This might be due to the

patterns of cooling as well as the initial dew points. Similar

spatial variation phenomenon have been observed and

documented at different locations worldwide and attributed

to various factors such as temperature of condensation

(Dansgaard 1964; Hartley 1981), origin of air mass vapor

(Gat and Dansgaard 1972), and evaporation and isotopic

exchange between falling rain and atmospheric water vapor

(Stewart 1975). The first review of the Jordanian database

revealed that the observed pattern of distribution of d18O

and dD is related to a number of environmental factors

such as altitude, surface air temperature, and distance from

the coast (Bajjali 1990). Figure 3 shows that the points

lying below the MMWL demonstrate enriched isotopic

values and they belong mainly to stations from Deir Alla,

Aqaba, and Azraq and the PPT’s at these locations have

low d-excess values. Data points from Deir Alla, Aqaba,

and Azraq have a reduced deuterium excess value (\16)

relative to the rest of the stations.

The isotopic composition of PPT clusters into three

groups (Fig. 4), group 1 is enriched in d18O and the

d-excess value has an average of 15.75 %, group 2 is much

depleted in d18O and the d-excess value has an average of

24 %, and group 3 plots between the first and second

groups. Group 1 reflects the data collected from Deir Alla,

Aqaba, and Azraq. These stations are characterized by a

low altitude (Deir Alla at 224 m below sea level, Aqaba at

sea level and Azraq at 553 m above sea level in the eastern

desert and within the range of the rain shadow). Group 2 is

characterized by two stations at high elevations, Ras Munif

(1,150 m above sea level) and Shobak (1,475 m above sea

level). Group 3 includes the rest of the gauge stations at

altitudes between 350 and 970 m above sea level. The d18O

values form group 2 varies between -8.25 and -2.97 %

and has average d-excess values of around 22.8 %.

Table 1 Elevation and locations of the gauge stations

ID Gauge station Coordinates Altitude (m)

Longitude Latitude

1 Deir Alla 35.89 32.19 -224

2 Aqaba 35.29 29.45 40

3 Walla 35.99 31.58 350

4 Azraq 36.73 31.84 533

5 Irbed 35.90 32.53 555

6 Baqa 35.95 32.02 700

7 Q.A. Airport 36.04 31.73 715

8 Amman 35.99 31.95 900

9 Rabba 35.75 31.31 970

10 Ras Munif 35.91 32.38 1,150

11 Shobak 35.71 30.50 1,475
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The overall trend line for all of samples is expressed by

the linear regression equation: d ¼ �1:86 d18Oþ 10:56&

(R2
= 0.44).

The features of the oxygen and hydrogen isotope data

suggest that air masses from different sources have sig-

nificantly influenced the pattern of data. The air masses that

enter the area passing the Mediterranean Sea result in

higher d-excess. The cold and dry continental air masses

originating from the European continent come in contact

with the warm Mediterranean Sea water, resulting in rapid

evaporation and large scale convergence. The low d-excess

value that is less than 16 % is likely associated with air

masses that cross over the North African continent and

with a local orographic effect. The relatively low correla-

tion (R2
= 0.44) between d18O and d-excess value suggests

complex relationship that requires more data representing

single event rains and vertical atmospheric profiles in order

to reach more conclusive interpretations.

Altitude effect

Spatial distribution of d18O and the dD in the region is also

dominated by the altitude effect due to orographic lifting

(Fig. 5). The eastern highlands along the JRV obstruct the

air masses that pass over the Mediterranean and force them

to rise. The rising air cools and condenses the moisture

along the slope as the air is driven upward over the

mountains and falling temperatures cause the air to lose

much of its moisture which leads to less PPT. Therefore,

Azraq station receives less rain as it is located in the rain

shadow.

A continuous depletion of d18O associated with the

increase in elevation has been observed in the samples

collected along a cross section from the JRV at Deir Alla to

the eastern desert at Azraq, passing the eastern highland at

Ras Munif. A similar trend that has been also observed in

the isotopic composition of the air masses ascending over

Fig. 3 d18O–dD diagram of

precipitation in Jordan

Table 2 Weighted mean values

for rain higher than 5 mm
ID Gauge station d18O dD # of 18O and

D samples

TU # of tritium

samples

1 Deir Alla -3.73 -15.04 55 6.88 59

2 Aqaba -3.01 -7.98 6 13.03 6

3 Wala -5.84 -27.22 20 10.68 32

4 Azraq -5.16 -24.56 31 9.41 14

5 Irbed -6.36 -26.98 68 5.14 82

6 Baqa -4.54 -12.74 6 7.18 6

7 Q.A.Airport -5.56 -23.65 25 7.87 31

8 Amman -6.49 -27.84 90 30.17 105

9 Rabba -5.70 -22.77 43 34.71 55

10 Ras Munif -6.86 -30.38 66 5.20 84

11 Shobak -6.71 -30.35 34 6.45 48
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Eastern Highlands and those descending counterparts in the

rain-shadow area of Azraq. The WMV of d18O values vary

from -3.73 % in Deir Alla to -6.86 % in Ras Munif and

-5.16 % in Azraq. Since rains were collected from all

stations at the same time, the rate of change in d18O

composition of PPT with altitude is -0.15 % per 100 m.

Fig. 4 d-excess versus d18O in

precipitation

Fig. 5 The WMV of d18O of rain as a function of altitude
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Climate change and precipitation

In general, wet regions are increasingly experiencing

more PPT, and arid areas are becoming drier (Dore 2005).

Annual average PPT is decreasing in most of the Medi-

terranean and northern Africa during winter (IPCC 2007).

The amount of PPT in Jordan has decreased in winter

times for the last two decades, which affects the total

volume of water resources. This caused a 30 % reduction

in the country’s surface water and a decrease in the

agricultural production as well, which the country relies

on heavily (Hadidi and Ismail 2010). Total annual PPT

from 1971 and 2010 of the two stations in Amman and

Mafraq is shown in Fig. 6. The general trend of the data in

both stations indicates that the amount of rain has been

decreasing since 1988. This is clearly shown in the 5th

order polynomial trend lines. In order to answer the

question of how well the polynomial trend line model

signifies a genuine decrease in the amount of PPT, a Chi-

square goodness-of-fit test was applied to the data using

Microsoft (MS) Excel.

The test measures how the PPT is consistent with a Null

Hypothesis (H0). The H0 at a significant level of 0.05,

indicates that amount of PPT are steady overtime since

1971. The test statistic is a Chi-square random variable (v2)

defined by the following equation.

v2 ¼
X

Oi � Eið Þ2=Ei

h i

where Oi is the observed frequency count for the ith level

of the PPT variable.

Ei is the expected frequency count for the ith level of the

PPT variable.

The average amounts of PPT in Amman and Mafraq

stations for the period between 1971 and 2010 were 258.44

and 153.76, respectively. The average value of both sta-

tions was used to test the null hypothesis. The Chi test

shows the probability of how often the amount of PPT

fluctuates. The calculated p values were 4.39 9 10-235 and

2.02 9 10-146 for Amman and Mafraq, respectively. Both

the values are dramatically much lower than the a value of

0.05, which leads to rejection of the null hypothesis that the

PPT is steady over time since 1971.

It is also noteworthy to notice that the d18O, dD, and

d-excess values of the four rainfall stations of Amman,

Irbed, Rabba, and Shobak for the period 1966–1969 were

found to be slightly more enriched in the period between

1987 and 2005 (Table 3). The isotopic change could be

attributed to a minor change in climate.

A t test approach, using MS Excel, has been utilized to

examine the difference among the d-excess values for the

periods between 1965–1969 and 1987–2005, which allow

assessing the statistical significance invariationof thosevalues.

Table 4 summarizes the results when a 95% confidence

limit (a = 0.05) is adopted to test the variability of the

d-excess values of the two mentioned periods and the

analysis is based on the assumption that the means of both

the d-excess values are equal.

The two-tailed p values are given as 0.0398, which is

less than 0.05 for the d-excess values, suggesting that

the difference is significant at the 5 % level. Because the

probability level is smaller than the a value (0.05), the

Fig. 6 The amount of rain in

Amman and Mafraq with the

Polynomial Trend Line
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hypothesis of no difference between the d-excess values of

the two periods seems inconsistent and the d-excess values

of the two periods are therefore different.

Tritium concentration in precipitation

The available data for tritium in PPT in Jordan for the

period of 1965–2005 show a general decrease of tritium,

which reflects the global trend following the ban on

atmospheric testing of hydrogen bombs in 1963 (Table 2).

The current average value of tritium in the atmosphere is

very low and reflects the yield of natural processes in the

upper atmosphere and the past nuclear testing. Natural

tritium production at the Earth’s surface is estimated to

occur at a rate of 0.1–1.3 tritium atoms/cm2/s, with the

most probable values occurring between 0.5 and 1.0 tritium

atoms/cm2/s (Zahn et al. 1998). Natural (pre-nuclear age)

levels of tritium in PPT were on the order of 1–5 TU,

where 1 TU is equivalent to 3.231 pCi/L of water. The low

level of tritium in the atmosphere will make this tool less

reliable to be used in the near future for hydrological

studies. Figure 7 presents the tritium levels in rain recorded

at the Amman and Rabba stations and were very high

between 1965 and 1969. The high level of tritium was due

to nuclear-weapons testing. The highest recorded values

were documented in 1966, but have declined steadily since

the ban of nuclear testing.

The average tritium concentrations in the rain from the

11 rainfall stations after 1987 are\6 TU, with the excep-

tion for the value from Rabba, which was 14 TU (Fig. 8).

The Rabba value is about twofold higher than the coun-

terparts throughout the entire country, which suggests that

there was an additional source of tritium besides natural

production.

One possibility for such a high concentration would be

leakage from a thermonuclear power plant close by the

surrounding area. Rabba is located downwind and within a

radius of 65 km from the Dimona Nuclear Research Center

in Israel, meanwhile there is no nuclear plant in Jordan. It is

very well documented that tritium is produced as a fission

product in nuclear power reactors, with a yield of about

0.01 % (EPA 2010). It would be important to analyze the

PPT along a horizontal line between Dimona and Rabba.

Hydrochemistry of precipitation

Table 5 summarizes the statistics of the elemental analy-

ses’ results of Jordan rain water of the current study and

Fig. 9 shows the distribution of the total dissolved solid

values. The rainwater in the area contains wide range of

chemical constituent, total dissolved solids (TDS) range

from 16.45 mg/l in snow samples from Amman (January

2002) to 604 mg/l in rain samples from the same area (Feb

1999) with an average TDS value for all the samples of

98 ± 8.15 mg/l. The two extreme values, higher than

500 mg/l, were recorded for Amman and Rabba rain in

February 1999. Nevertheless, 67 % of the samples have

salinity concentrations\100 mg/l and 30 % of the samples

are between 100 and 185 mg/l. Despite the wide variations

across the sampling locations, the higher elevation stations

of Ras Munif and Shobak have lower TDS values among

others.

The salinity of rain is affected by several factors

including desert dust, aerosols, amount of PPT, and the

direction of rain fronts. The aerosols are the most dominant

factor as the country is surrounded by three major saline

water bodies, the Mediterranean Sea, Red Sea, and the

Dead Sea that has the most saline water on Earth. Aerosols

Table 3 Isotopic composition and d-excess comparison between two periods

Gauge station Years d18O dD d Years d18O dD d

Amman 1965–1969 -6.19 -26.67 22.8 1987–2005 -6.62 -28.33 24.6

Rabba 1966–1968 -3.90 -11.17 19.9 1987–2002 -6.50 -27.93 24.1

Shobak 1967–1967 -5.36 -19.40 23.4 1987–2003 -6.71 -30.35 23.3

Irbed 1968–1967 -6.13 -27.48 21.5 1987–2005 -6.52 -28.02 24.2

Average -5.39 -21.18 21.9 -6.59 -28.66 24.0

Table 4 Result of the t test assuming equal variance between the

d-excess

d-excess values

(1965–1969)

d-excess values

(1987–2005)

Mean 21.9 24.05

Variance 2.4067 0.2967

Observations 4 4

Pooled variance 1.3517

Hypothesized mean difference 0

df 6

t Stat -2.6153

P(T\=t) one-tail 0.0199

t Critical one-tail 1.9432

P(T\=t) two-tail 0.0398

t Critical two-tail 2.4469
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Fig. 7 Tritium levels in

Amman and Rabba between

1965 and 2005

Fig. 8 Tritium level in PPT in

Amman and Rabba between

1987 and 2005

Table 5 Various descriptive statistics of major ions

Statistics EC

(ms/cm)

TDS

(ppm)

pH Ca

(meq/l)

Mg

(meq/l)

Na

(meq/l)

K

(meq/l)

Cl

(meq/l)

SO4

(meq/l)

HCO3

(meq/l)

NO3

(ppm)

Sample no. 97 97 98 98 98 69 69 98 98 98 94

Mean 0.15 97.96 7.18 0.65 0.30 0.21 0.03 0.29 0.32 0.54 5.81

Standard error 0.01 8.15 0.05 0.04 0.02 0.02 0.00 0.01 0.03 0.03 0.48

Median 0.13 82.24 7.22 0.57 0.28 0.20 0.02 0.27 0.28 0.51 4.60

STDEV 0.13 80.24 0.49 0.38 0.17 0.14 0.03 0.15 0.28 0.26 4.62

Skewness 4.88 4.88 0.67 1.24 0.91 3.85 1.69 1.24 1.13 0.59 2.77

Range 0.92 588.35 3.63 1.82 0.83 1.07 0.16 0.89 1.25 1.36 29.91

Minimum 0.03 16.45 5.81 0.10 0.00 0.02 0.00 0.00 0.00 0.00 0.39

Maximum 0.95 604.80 9.44 1.92 0.83 1.09 0.16 0.89 1.25 1.36 30.30

Appl Water Sci (2012) 2:271–283 279

123



are tiny particles suspended in the air that occur naturally

and can originate from dust storms or sea spray. Sea spray

can be carried by wind for considerable distance and

greatly influence the salinity of PPT in certain areas like

the JRV. Windblown soil can also be a major contributing

factor into salinity of PPT.

Presentation of data using a piper diagram (Fig. 10)

reveals a wide range of hydrochemical facies. About 50 %

of the samples can be classified as Ca-HCO3, 16 % as

Ca-SO4, 16 % as Mg-HCO3, 10 % as Ca-Cl, 5.37 % as

Na-HCO3, and 2.15 % as Na-Cl facies. The samples show

two dominant types of water. The first type is alkaline earth

water with bicarbonate and chloride and the second type is

alkaline earth water with prevailing chloride ion. The

domination of Ca2?, Mg2?, and HCO3
- ions suggests that

the chemical composition of PPT has been influenced by

that of the dust in the air, particularly, when the outcrop

geology in the area is dominated by sedimentary rocks of

Upper Cretaceous, which consist of limestone, dolomite,

and marl.

Other samples recorded high concentrations of Mg2?,

Na?, and Cl-, which are likely attributed to aerosols

originating from regional saline water bodies, mainly the

Dead Sea. The SO4
-2 concentration in the rain at Amman is

relatively high compared to the other stations, which is

most likely influenced by industrial gas effluent and the

composition of burning fossil fuel from automobiles and

houses in this area. The nitrate concentration in precipita-

tion is generally very low. About 58 % of the samples

show nitrate concentrations of\5 mg/l, while 33 % range

between 5 and 13.5 mg/l. Two high values of 23.79 and

30.3 mg/l were observed in Ras Munif and Deir Alla in

January 2004 and in January 1987, respectively. These

areas have intensive agricultural activities, and dust storms

carrying fertilizers may have significantly contributed the

high nitrate values although the influence of dust accu-

mulation in the rain samples between the rains events

cannot be ignored either.

Summary

A database set of oxygen and hydrogen isotopes measure-

ments on PPT at 11 rainfall stations across Jordan shows

significant variations that reflect the influence of environ-

mental (climatic and geographic) controls and anthropo-

genic impacts. The WMV of d18O and dD values was used

to calculate a LMWL (dD ¼ 6:27 � d18Oþ 11:40) to be

used as a reference for hydrological studies in the country.

The isotope results provided significant information

regarding relationship between precipitation and some cli-

matically relevant parameters, such as altitude effect. These

isotope records for precipitation also contribute significantly

to atmospheric modeling the area, there poor correlation

between d18O and d-excess implies that more data are

required to better understand the true mass trajectories and

the factors influencing them. Average annual precipitation

decreased after 1988, which reflects a slight change in the

climate. The current average tritium level in precipitation is

almost equal to natural levels of the global atmosphere.

Tritium concentrations in PPT from Rabba are twofold

higher than average tritium levels throughout the country,

which is likely attributed to possible leakage from a nuclear

research facility in the region that located in close proximity

from Rabba. The elemental chemistry of rains demonstrates

wide variation of TDS concentrations. Variations in salinity

are influenced by different factors, such as desert dust,

aerosols, and amounts of precipitation.

Fig. 9 Frequency histogram

for TDS
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Appendix

See Table 6.

Fig. 10 Piper diagram of

precipitation

Table 6 Isotopic composition of rain water samples

ID d18O dD d (%) ID d18O dD d (%) ID d18O dD d (%)

1 -4.81 -19.05 19.43 5 -5.95 -25.77 21.85 8 -6.92 -31.16 24.23

1 -4.94 -20.14 19.41 5 -6.02 -26.65 21.47 9 -4.42 -6.60 28.76

1 -1.53 -3.92 8.29 5 -6.08 -27.58 21.09 9 -4.69 -19.93 17.60

1 -3.81 -18.03 12.46 5 -8.25 -39.08 26.94 9 -2.97 -7.17 16.59

1 -5.93 -30.13 17.28 5 -7.48 -32.91 26.97 9 -3.50 -11.01 17.01

1 -3.68 -15.38 14.09 5 -6.26 -29.34 20.78 9 -6.47 -26.76 25.00

1 -3.38 -7.92 19.13 5 -4.18 -12.45 20.96 9 -7.06 -30.60 25.92

1 -3.16 -13.91 11.36 5 -5.95 -25.28 22.35 9 -6.43 -25.70 25.76

1 -2.86 -8.80 14.08 5 -5.94 -26.28 21.25 9 -6.37 -28.73 22.24

1 -4.04 -17.01 15.34 5 -6.38 -29.68 21.32 9 -7.41 -33.90 25.40

1 -3.67 -13.98 15.37 5 -6.18 -26.53 22.91 9 -4.83 -18.80 19.84
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