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Abstract. A detailed sequential rain sampling of rainstorms was carried out during the 1989/90 and
1990/91 rainy season in the coastal plain of Israel with an annual average of 530 mmn of rain and in
the western Negev where the average annual rainfall is 93 mm. On four occasions, rain was
concurrently available at both stations. The variability of the isotope composition within a rainy spell
is quite considerable but falls short of the range of isotopic values encountered during the total
season. Different rainy episodes show distinguishable isotope compositions, which evidently are
characteristic of a larger time/space niche than that of the momentary, local, rain event. This is
confirmed by the good correlation between the mean isotope composition of concurrently sampled
events at both stations. A "rain amount effect" is not apparent when the amount-weighted data for
each complete rain episode are compared, because any possible effect is masked by the inter-storm
variability. However by singling out the data within each storm sequence separately, a moderate effect
is seen. On the whole, the results seem to support the notion that the isotope data are determined by
the large, synoptic scale, situation. However within the range of values characteristic of the origin of
the air masses there is a pronounced dependence of the isotope composition on the extent of the cloud
field associated with each event, which is interpreted as a measure of the degree of rainout from the
air mass, i.e. a typical Rayleigh effect. Local effects related to momentary rain intensity contribute
only to a residual modulation of the above-mentioned effects.

1. INTRODUCTION

The isotope composition of precipitation (18 0( and 2H abundance) is herein being applied in
hydrological and hydro-meteorological investigations in Israel. Monthly or annual averages, as
well as shorter term temporal variations, have been measured. Moreover, it is being attempted
to use long termn records of the isotopic composition of precipitation (as measured directly in
ice cores or paleaowaters, or as inferred fromn measurements on proxy materials such as lake
deposits, tree rings or spelcothems) as indicators of climatic change.

Average monthly or annual values are generally correlated with the mean local temperatures
[1]. At Bet-Dagan station (the GNIP station in Israel) such a correlation is less pronounced
however than in mid-continental locations. An amount effect, i.e. lower 6 values during
months with large rain amounts, was found to apply to monthly data at Bet-Dagan with a
rather low coefficient of correlation; an excejption are the enriched values when rain amounts
are less than about 10 mm/month, in which case the enrichment of the heavy isotopic species
in residual raindrops exposed to evaporative water loss becomes the dominant factor [2].

41



The isotopic composition of individual rainy spells in Israel were shown to be related
primarily to the origin and pathways of the precipitating air masses [3,4,5]. On the other hand,
the in-storm changes in the isotope composition appeared to be controlled by more local
parameters and especially the rain intensity [6]. This apparent paradox was addressed in the
study of Rindsberger et al. [7] who concluded that the intra-storm. variations in the isotopic
composition were also, to a large extent, the result of the synoptic scale history of the different
air masses which transverse the station during the course of a storm.

An understanding of what determines the isotopic composition of an individual precipitation
event and how the "climatic" average is synthesized from the individual events is necessary in
order to solve the inverse problem of relating changes of the isotope composition to changes
in climatic parameters and to climate change, in general.

The present study was undertaken in order to relate the progression of the isotopic
composition during a rain-shower to the synoptic pattern on the one hand, and to local
parameters such as rain intensity, location within the regional cloud pattern, etc. Detailed rain
sampling was thus undertaken at two stations with different rain amounts in the southern
coastal plain and in the northern Negev during the 1989/90 and 1990/91 rainy seasons.

2. RAIN COLLECTION AND METHODOLOGY

Sampling was carried out during the 1989/90 and 1990/91 rainy season at Rishon-Lezion in
the southern Coastal plain of Israel and at Sde-Boker and Retamim in the ad Negev.

The Rishon-Lezion site is situated just 5 ks south of the local GNIP station of Bet-Dagan
(where the mean annual precipitation is 531 mm, the rainy season extending from September
to April only) and is about the same distance from the seashore (about 5 kmns). Samples were
changed manually during the course of each shower and the accumulated water depth for each
sample was recorded. A tipping-bucket recording pluviometer was available during the second
sampling season.

The Sde-Boker site is situated at the Blaustein Desert Research Institute in the central Negev,
with a mean annual rainfall of 93 mm. Retamim in the western Negev is closer to the
seashore. A mechanical sequential rain sampler was used [8] whereby rain samples
corresponding to 1.62 cm of rainfall are obtained.

Mass-spectrometric analysis for stable isotopes of oxygen and hydrogen was carried out at the
Rehovot Isotope Laboratory at the Weizmann Institute of Science and at the Niedersachsische
Landesaint fer Forschung in Hannover, Germany. The average reproducibility is ±0.1 %o for
6 'O and ± 1%o for 62H.

Printout of cloud-radar echoes at 30-minute intervals during the rainspells were provided by
courtesy of Shoham (EMS-Mekorot) Co. from their weather radar situated at Ben-Gurion
airport, close to the Bet-Dagan and Rishon-Lezion stations. In these printouts, the area in the
vicinity of the radar site is blanketed out in view of spurious topographical reflections. These
radar echoes are calibrated in terms of rain intensities in units of num/hr.
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Table . Rishon Lezion station

Date & Time Precipitation (mm) Delta 18 0 _Description of event

15-01-90: 0000-0700 4.90 1.00 shower
15-01-90: 0700-0815 0.60 -1.51 scattered showers
15-01-90: 1500-1 700 1.60 -1.81 scattered showers
16-01-90: 0000-0600 4.60 -3.64 strong shower
16-01-90: 0830-1230 4.80 -4.81 ___________

16-01-90: 1230-1630 2.40 -2.44 one strong shower
17-01-90: 2100-0630 5.30 -3.97___________

17-01-90: 0800-1230 3.40 -2.86 isolated shower

(15-1 7)-01 -90 Sum 27.6 w. av. -2.73 ___________

21-01-90: 0730-0830 4.80 -3.90 Continuous showers
21-01-90: 0830-1235 0.80 0.25 __________

22-01-90: 0000-0600 3.00 -2.63

(21 -22)-01 -90 Sum 8.6 w. av. -3.34

26-01-90: 1500-1715 4.10 -1 0. 18 continuous rains
26-01-90:.1715-1930 5.50 -11.39
26-01-90: 1930-2230 2.80 -8.940 __________

1990-01-26 - Sum 12.4 w. av. -10.45

01-02-90: 0000-0645 7.60 -5.56 Thunder storm
01-02-90: 0655-1300 1.10 -3.75
01-02-90: 1300-1545 6.00 -5.30Thunder storm

1990-02-01 Sum 14.7 w. av. -5.31

Day long showers thunder
06-02-90: 1800-1915 6.90 -6.56 storms.

06-02-90: 191 5-2130 8.00 -6.05

1990-02-06 Sum 14.9 lw. av. -6.29

09-02-90: 1900-2100 2.30 -6.43
10-02-90: 0600-0700 1.60 -6.35
10-02-90: 0700-0900 2.80 -8.12 Strong showers
10-02-90: 1100-2100 9.70 -4.95 Scattered rain
10/111-02-90: 2100-0300 J3.70 -4.32 Continuing rain
11-02-90: 0300-0700 2.40 -4.80 ___________

~(9-11)-02-90 Sum 22.5 w. av. -5.47

14-02-90: 1500-1620 3.00 -4.94Thunders
14-02-90: 1620-1845 4.00 -6.17Thunders + hail

14/115-02-90: -0700 2.30 -1.96
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Table . Rishon Lezion station

Date & Time Precipitation (mm) Delta 18 0 _Description of event

(14-15)-02-90 Sum 9.3 w. av. -4.75

24-02-90: 1800-1915 1.85 -4.48

24-02-90: 1915-2200 1.60 -3.08

1990-02-24 Sum 3.45 w. av. -3.85 ___________

01-03-90: 0000-0815 5.70 -5.13

01-03-90: 081 5-1 000 2.50 -3.78

01-03-90: 1000-1700 7.70 -4.37___________

1990-03-01 Sum 15.9 w. av. -4.32

11-03-90: -0750 0.50 -4.18

12-03-90: 0000-0600 6.70 -4.19

12/1 3-03-90: 1800-0630 20.20 -3.86

13-03-90: 0630-1800 2.05 -2.65 __________

(11-13)-03-90 SLum 29.45 lw. av. -3.86

07-02-91: 0400-0530 2.95 -4.30 Thunder storm

07-02-91: 0530-0700 0.95 -2.62

07-02-91: 1630-1815 1.60 -4.1 2Thunder storm

7/8-02-91 :1815-0515 1.20 -3.28 I nterm ittent
08-02-91: 0530-0730 5.80 -7.1 1 Thunder storm

08-02-91: 0845-0910 2.60 -5.18 Renewed shower

08-02-91: 0915-1100 1.75 -4.37 Cont. rain

(7-8)-02-91 SLIM 16.85 w. av. -5.22

16-02-91: 1300-1600 0.80 1.21 light rain

16-02-91: 1600-1710 1.40 0.05 Ct.lgt rain

16-02-91: 1730-2100 1.80 0.36 intermittent

1991 -02-16 Sum 4.0 w. av. 0.56

26-02-91: -0545 2.00 -8.47

26-02-91: 0545-0615 2.05 -7.16 Thunder storm

26-02-91: 0615-0825 2.95 -6.03Very intense rain

26-02-91:- 0825-1320 14.50 -6.65 ery intense rain + hail

26/27-02-91:1320 -0730 7.40 -7.78 Intense rain

27-02-91: 0730-1215 7.40 -1 0.50lIntense rain

(26-27)-02-91 Sum 36.3 w. av. -7.74
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Table . Rishon Lezion station

Date & Time Precipitation (mm) Delta 180 _Description of event

05-03-91: 0400-0510 10.30 -5.97 Intermittent
05-03-91: 0615-1300 1.05 -6.69 One hour shower
05-03-91: 1300-1400 3.00 -1 0.00 Intermittent
05-03-91: 1400-1645 4.30 -12.1 5 ery strong
05-03-91: 1930-2030 9.30 12.51 Continuous strong
05-03-91: 2030-2100 1.25 -1 1.81 Continuous strong
06-03-91: 2100-0100 1.45 -10.09
06-03-91: 0100-0430 5.15 -8.1 1Intermittent

06-03-91: 0430-0600 2.85 -6.51 Thunder storm
(5-6)-03-91 Sum 39.30 w. av -8.38

The progression of the isotopic composition within the different rainy episodes was quite
varied and the regularity of the V or W shaped time curve, described both by Rindsberger et
al. [7] and others, applied only to one third of all cases. It is further notable that there is no
consistent trend of the 'd-excess' parameter throughout the rainstorms.

A rain amount effect, i.e. a change in the isotopic composition of a shower as a function of the
water yield of the rain event, is not apparent in the data (Fig. 3). However by singling out the
data from each rain sequence separately, as shown in Fig. 4, a moderate amount effect can be
recognized in about half of the cases, ranging up to 2%o (6180/mn). The picture is further
cleared up to a considerable extent when the first sample of each rain event is left out, for
example during the rain spells of Jan. 1-17, 1990 and March 5-6, 1991. It is further notable
that the correlation of the amount effect is not improved when the momentary rain intensity,
rather than the average water yield, is considered.

~20

-20 A

-60

-12 -k) -6 -6 -4 -2 0

1 0 (/-)

FIG. 2. Intra-storm variation of the isotopic composition of precipitation samples from Risbon-Lezion
station. Arrows show the sequential order of samples within each rainy spell.
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values of the data have been published [9].

On four occasions during the two rainy seasons, rain was sampled concurrently both at the
Rishon Lezion station and in the Negev. Figure 5 summarizes the data during these periods.
With but one exception, it is to be noted that the evolution of isotope compositions is rather
similar, with the Negev data lagging a few hours behind the Rfishon-Lezion pattern, and with a
tendency of somewhat less enriche d values (by about 2%o) in the Negev. This pattern applies
even though the rain amounts and intensities differ considerably. This trend is in confirmation
of the good spatial correlations established by, Rindsberger et al. [7] for other stations in Israel.
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FIG. 4. The isotope composition vs. the rain yield in portions of each rainy spell, during the 1 990 (top
drawing) and the 1991 season (bottom drawing). n the inset, the isotope data are plotted as a
function of the maximal rain intensity during each collection period.
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26.01-90 ~~~~~~~~~~~~~~~~~~(7-8)-2-90

FIG. 5. ('a-d) Comparison of the evolution of the isotope composition during the rainy period at the
Rishon-Lelion and Negev stations.

4. METEOROLOGICAL BACKGROUND

The overriding effect of the origin of the air masses on the isotopic composition of the
precipitation can be exemplified by the backtracking of surface and upper air during the rain
event of March 5, 1991 (Fig. 6). From the morning to the afternoon of that day, the air mass
trajectory veered from a course originating in the central Mediterranean basin and moving
across the northern shores of the eastern Mediterranean, to one originating in Russia and
moving directly across the very eastern extremity of the sea. This change expressed itself by a
depletion from about -6%o to -1 2%o in 6 180 (see Fig. 5).

The processes at play can be further clarified in the light of the cloud radar echoes associated
with these rain events. A selected suite of data are given in Figs 7(a-c). One sees very different
patterns of the cloud field, ranging from well focused bands of clouds moving over the area to
cases when a large part of the eastern Mediterranean lies under a precipitating cloud cover. If
one attempts to quantify this aspect by specifying the percentage of the total area covered by
the cloud field (parameter PCQ and then plots this parameter against the amount-weighted
stable isotope content of the precipitation (Fig. 8), one notices a distinct correlation. The
extreme example is that of January 26, 1990, when a very large and widespread cloud field
covered the whole of the region, characterized by rain intensities up to 5 mm/hr. However, the
location of the storm center relative to the target area has also to be taken into account, as is
exemplified during the period of March 11-13, 1990, when the southern station which was
located along the storm path showed a much more depleted isotopic composition than the
Rishon Lezion station. In contrast, on February 16, 1990, an extremely widespread but not
very intense cloud field developed over the northern half of the eastern Mediterranean with
the Rishon station situated on the southern and weakened fringes of the system. A detailed
analysis of the results is given in the appendix to the report to the AEA for contract No
4793/RB [10].
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BACK TRAJECTORIES: 32N, 35E
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FIG. 6. Backtracking of the trajectory of the preci~pitating air masses during the rain spell of March
5, 1991.
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FIG. 7. (a-c) Maps of cloud-radar echoes j,9r selected rain events (see text for discussion).
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Rishon Lezion Station

2F ~ ~~~~~~~~~~~~~~~16-02-91

18-02-90

-2
(15-17)-01-90

024-02-90 (21-22)-Cl1-90
co -4 i (11-13)-03___90_01-03-90

0 (7-8)-02-91
(9-11 )-02-90

01-02-9 06-02-900 00
(5-6)-03-9 1

-8~

26-01-901
-10-

-12-
0 10 20 30 40 50 60 70

PCC(%

FIG. 8. The isotope composition during rain events as ajfunction of the percent of cloud cover over the
eastern Mediter-ranean area

These interesting correlations are interpreted in terms of a Rayleigh" depletion of the air
masses by rainout being an important factor determining the isotopic composition.

5. DISCUSSION AND CONCLUSIONS

On the whole, the results obtained seem to support the notion that the isotope data are
determined foremost by the large, synoptic scale, situation. Within the range of values
characterized by the origin of the air mass, there is a pronounced dependence of the isotope
composition on the extent of the cloud field associated with each event, which is interpreted
as a measure of the degree of rainout from the air mass prior to its arrival on the coast. This
intermediate scale effect is thus a typical Rayleigh effect. Obviously a combined analysis,
whereby the degree of rainout along the actual trajectory of the precipitating system is
estimated, would further sharpen the correlation.

Less depleted 6-values at the beginning of some rainy spells are not, in most cases the result
of an evaporation effect, since the d-excess parameter does not decrease as would be expected.
Rather the effect is explained by the pristine nature of the air masses at that time. Some
residual variability in the data after taking into account the synoptic scale signature are most
probably related to the strong vertical mixing in the vicinity of a cold front, i.e. a more local
effect. Often such samples represent also higher rain intensities and thus contribute to the
residual amount effect in this data set.
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