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Abstract The natural evaporation in the Dead-Sea is a very important meteorologi-
cal parameter to the local industries at Sdom. It was found that the pan evaporation in
Sdom has recently increased by 20-25%. In this paper we explore the reasons for this
increase. It is found that both large-scale and local climatic changes have contributed
to the evaporation increase in the Dead Sea Valley. The large-scale (global) change
potentially associated with the global warming, resulted in changes of the frequencies
of some synoptic systems in the region. The local change is a result of the recent
Dead-Sea drying, which reduced the local Dead-Sea breeze while intensifying the
Mediterranean-Sea breeze penetrating the Dead Sea Valley. It is suggested that
while the local effect was the dominant climatic change factor in the Dead-Sea Valley
in the 1970-1990, the global effect becomes the dominant one in the more recent
evaporation increase in the Dead-Sea.

1 Introduction

The Dead-Sea has attracted the imagination of people from ancient times as it does
today. It is a unique place in the world from several reasons. First, it is located at
the lowest spot of the earth; about —425 m below sea level. Second, its water is very
dense (about 1.3 gr/cm?) and salty and rich with many kinds of minerals. Also, the
climate of the Dead-Sea is very hot and dry with almost no precipitation throughout
the year (20-50 mm/year). The Dead-Sea Works factory, located in the southern
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part of the lake (Sdom) makes use of the concentrated salts and the arid climate to
manufacture potash, bromine and other minerals by the natural evaporation which
makes the production process very efficient.

Therefore, the evaporation in the Dead-Sea is of much interest, and it is the focus
of this paper. Alpert et al. (1997) investigated the dramatic pan evaporation increase
at Sdom (Dead-Sea Works) in recent decades from about 350 cm/year in the 1960s to
about 400 cm/year in the 1990s. They related this increase to a local climate change
in the Dead-Sea Valley due to the drying of the lake. Steinhorn (1981), Klein (1982),
Anati and Shasha (1989) and others investigated the drying of the lake from different
points of view. The local climate change was noticed also by Stanhill (1994) and
Cohen and Stanhill (1996). During the same period, Osetinsky (2006) and Alpert
et al. (2004) have shown that a significant synoptic climate change has also occurred
over the East Mediterranean (EM) in the last decades resulting in redistribution of
some synoptic systems in the region.

In this paper we recheck the evaporation increase due to the local as well the
synoptic or global climate changes. Section 2 describes the climate of the Dead-Sea
and the local climate change which takes place in the region. Section 3 discusses
the recent results of the pan evaporation increases in Sdom. Section 4 discusses the
significance of the variation in the meteorological parameters in Sdom as compared
to Eilat, while Section 5 describes the evaporation in Sdom in the different synoptic
systems, and the increase of the evaporation due to the climatic change expressed
in the redistribution of some synoptic systems in the EM. Section 6 summarizes and
concludes the results.

2 The climate of the Dead-Sea and the local climate change

The pioneering studies of the Dead-Sea climate were those of Ashbel (1939, 1975).
Bitan (1974, 1977) investigated the influence of the Dead-Sea on the climate in its
neighboring regions. The climate of the Dead-Sea is very hot and dry. It is an arid
zone having large differences in the diurnal temperature and humidity cycles, while
the weak lake breeze of the Dead-Sea slightly tempers the hot and dry climate,
Alpert et al. (1997). The two most dominant features in the daily wind cycle are
the local Dead Sea breeze and the Mediterranean breeze. Alpert and Eppel (1985)
suggested an index for mesoscale activity. This mesoscale activity is pronounced
when this index is higher than one. The Dead-Sea valley winds are dominated by
a very high index, particularly in summer (index of 2-4). This shows that the local
winds are dominant compared to the large-scale wind component in the Dead-Sea
Valley. The Dead-Sea breeze blows during the morning to noon hours with moderate
speeds of up to 5-6 m/s and north-easterly direction in the southern Dead-Sea. The
Mediterranean breeze originates at the Mediterranean coast and is very pronounced
in spring and summer, Alpert et al. (1982). During the day the Mediterranean
breeze flows up the Judean hills, then, it drops into the Dead-Sea valley in the
early evening hours. Hence, this flow descends about 1200 m from the Judean
Mountains to the Dead-Sea at about —420 m below MSL. This significant descent
speeds up the wind, and the adiabatic heating warms and dries the Dead-Sea area.
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The wind can reach a peak speed of over 15 m/s for short periods and has a dominant
north-westerly direction at the Dead-Sea. These are the strongest and very consistent
winds observed over the region in the summer season. Alpert et al. (2008) have
shown that this strong, hot and dry wind significantly increases the evaporation in
Sdom. During the late night and early morning hours the nocturnal winds prevail in
the Dead Sea Valley.

Recently, Israel, Jordan and Syria have made extensive use of the water previously
flowing into the Dead-Sea. The national water carrier of Israel and the Ruhr canal in
Jordan began to utilize the Jordan River water in the 1960-1970. As a result parts of
the Dead-Sea have dried. The water level which was —390 m in the 1960s now reaches
a level of —425 m. Alpert et al. (1997) claimed that the local Dead-Sea breeze has
weakened as a result of this drying. Since this breeze tempers the Dead-Sea climate,
its weakening has caused the air temperature to increase, the relative humidity to
decrease and thus the pan evaporation at Sdom has increased.

Alpert et al. (1997) and Alpert et al. (2006b) suggested also that another local
climate change has occurred in recent years. They suggested that the Mediterranean
breeze intensity in the Dead-Sea Valley has become stronger in the last decades. The
Dead-Sea breeze is pronounced in the Dead-Sea even in the early evening hours
when the Mediterranean breeze penetrates the region. This two winds are opposed
each other. Therefore, in the past, when the Dead-Sea breeze was stronger it delayed
the penetration of the Mediterranean breeze. Due to the recent weakening of the
Dead-Sea breeze, the Mediterranean breeze penetrates stronger and earlier into the
Dead-Sea Valley. The strong, hot and dry wind further increases the evaporation
in Sdom.

3 The annual evaporation at stations in the Jordan Valley and the Arava

Figure 1 shows the study area and the stations locations discussed next. Figure 2
shows the time-series of the annual evaporation in the Jordan Valley and the Arava
stations. Polynomial trend lines were added to the stations with available data till
2008. It is clearly seen that the pan evaporation at Sdom that Alpert et al. (1997)
showed its increasing till 1994, accelerated its rise at the two Sdoms’ stations (second
Sdom station is not shown, although it shows the same trend as the main Sdom
station). The evaporation reached a very high value of 442 cm/year in 2002. It
is noticed in Fig. 2 also that this evaporation increase at Sdom is the highest in
respect to the other stations in the Jordan Valley and the Arava that have a similar
climate. This suggests that a local climate change in the Dead-Sea Valley has caused
this evaporation rise in Sdom. Some other stations in the Jordan Valley and the
Arava like Tirat Zvi and Jericho show even slight decreasing trends. Eilat, Yotveta
and Massada show decreasing trends from the 1960s to the 1990s. However, an
increasing trend is noticed from the 1990s to the 2000s. The polynomial trend lines for
these long-recorded stations have changed their sign in the 1990-1995 (Fig. 2). This
behavior of reducing evaporation in those stations till the 1990-1995, while increasing
evaporation in Sdom strengthens our point that a local climate change is noticed in
the Dead-Sea area. While the increasing trend from the 1990-1995 at all the stations
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Fig.1 Area of the study
domain. Topography contours
are dashed with 300 m interval.
The letters M, TZ,J,BD, S, Y
and E represent the stations’
locations of Massada,
Tirat-Zvi, Jericho, Bet-Dagan,
Sdom, Yotveta and Eilat,
respectively
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Fig. 2 The course of annual evaporation (cm/year) at several stations in the Jordan Valley and the
Arava, during 1960-2008. Polynomial trend lines were added to the longest series
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in the Arava means that a larger-scale or perhaps a global effect which increases the
evaporation has impacted the region.

4 Climatic changes of the meteorological variables in the Jordan Valley

In order to find the causes for the increased evaporation in Sdom we checked the
meteorological data averaged for all months at the hours 8, 14 and 20 (local times).
We try to find the statistically significant changes comparing the averaged parameters
for the recent 1995-2004 averages as compared to the 1970-1994 periods. The pan
evaporation, temperature, relative humidity and wind speed were checked. Based
on the T-test the significance of the changes in those average parameters was found.
Table 1 shows the results in Sdom. Table 2 shows the same test results in Eilat. The
Eilat station has a similar climate as Sdom, but it is not affected by the local change
of the Dead-Sea, and certainly might be affected by the global change.
From these tables the following results are noticed:

1. The evaporation has very significantly increased in Sdom during all months
(about 2.5 cm/month rise in winter and up to 5.8 cm/month in spring and
summer). Notice the high rise in November (4.6 cm/month). While in FEilat there
are no increases in the pan evaporation.

2. The temperature has significantly increased especially in summer and in the
evening both in Sdom and FEilat. This rise is higher in Sdom as compared to Eilat.

3. There are insignificant changes in the relative humidity. It has increased in Eilat
and reduced in Sdom. This reduction in Sdom although insignificant is noticed
along the entire year.

4. The wind speed has intensified in the evening in the new period both in Sdom
and Eilat.

From these results it is clearly seen that the pan evaporation in Sdom shows highly
significant increases (as we noticed in Fig. 2), while in Eilat the evaporation increases
are only from the 1990s. Therefore, while comparing the 1995-2004 to the 1970-1994
there are no significant changes in the evaporation in Eilat. It seems that there are
several reasons for this course of evaporation:

1. The temperature rise in the new period exists both in Sdom and Eilat. It might
be a result of the global warming known as the “greenhouse effect”, particularly
observed to be strong over the Mediterranean region (Saaroni et al. 2003).
Indeed, 2002 was globally a very hot year, and in 2002 the evaporation in Sdom
reached its highest in record value of 442 cm/year. The temperature rise seems
not to influence the evaporation in Eilat. This might be explained by the fact that
the evaporation rise in Sdom is primary a local phenomenon (Alpert et al. 1997).
However, a closer look on Fig. 2 shows that the evaporation in Eilat has begun to
rise in the 1990-1995. The evaporation means for Eilat for 1964-1970, 1992-1996
and 2000-2008 are 343.7, 280.9 and 314.4 cm/year, respectively. Hence, there is
an evaporation rise in Eilat of about 35 cm/year from the 1990s to the 2000s, and
it might be associated with the acceleration in the global warming since 1980 (Ziv
et al. 2005).
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2. The reduction in the relative humidity is noticed in Sdom, while in Eilat the
humidity is increasing. This suggests that the evaporation rise in Sdom is partly
due to a local phenomenon of the lake drying.

3. Tables 1, 2 show that in the evening the wind becomes stronger in Sdom and
Elilat. It seems that the Mediterranean Sea breeze, which reaches South Israel
in the early evening hours, has become stronger recently and resulted in the
temperature rise in the evening. In Sdom the Mediterranean breeze could have
become stronger due to the weakening of the Dead-Sea breeze as explained
in Ch. 2. Another potential contributor for this might be that due to the
temperature rise in the evening at the Dead-Sea, the valley becomes warmer
compared to the Judean Hilles to its west. This leads to a stronger hill-valley
pressure gradient and stronger winds. Also, the intensifying breeze in the Dead
Sea Valley can explain the higher evaporation in Sdom as discussed in Ch. 2.

In general, when we compare Alpert et al. (1997 Ch. 3.2 and Tab. 1, 2) results to
the current results it seems that two following factors are causing the pan evaporation
increases in Sdom; the local effect of the lake drying on the one hand and the
large-scale global warming effect on the other. It seems that till the 1990s the local
effect was the dominant one. However, from the 1990s the global effect has become
stronger.

5 Evaporation in Sdom under different synoptic systems

5.1 The relative contribution of the different synoptic systems
to the Sdom evaporation

Alpert et al. (2004) suggested a semi-objective classification of the daily synoptic
systems in the EM. Every day from 1948 to 2006 was classified to one of the 19
synoptic systems typical to the EM. Table 3 shows the characteristics of these 19
systems as related to the Sdom evaporation. Based on this classification Alpert
et al. (2004) and Osetinsky (2006) have shown that some synoptic systems have
redistributed due to the climatic change. For instance, they have found that the
annual frequencies of the hot and dry systems entitled the Red-Sea Trough (RST),
nearly doubled since the 1960s from 50 to almost 100 day/year. They also noticed
that the frequency of the summer hottest system of the Weak Persian Trough (WPT)
has increased on the account of the other cooler summer systems of the Medium
Persian Trough (MPT) and Deep Persian Trough (DPT). The frequency of the WPT
has increased from 35 days per year in the 1964-1974 to 49 in the 1996-2005. While
the frequencies of the MPT and DPT have reduced from 56 to 43 and from 13 to
5 day/year respectively.

Computing the daily pan evaporation in Sdom from 1960s to 2000s for each
synoptic system, Fig. 3 shows the average daily evaporation in Sdom for the 19
different synoptic systems during 1964-2006. As expected, the evaporation is highest
in the summer synoptic systems of the WPT, MPT and DPT, the highest being for the
hotter WPT. Also, the evaporation is the lowest in the coolest winter systems of the
Cyprus lows. The RST systems are typical to the transition seasons, and consequently
the evaporation in the RST systems shows intermediate values.

@ Springer



Climatic Change (2011) 105:455-468

463

Table 3 The characteristics of the 19 synoptic systems in Israel as found by the semi-objective
classification made by Osetinsky (2006)

No. System Most typical ~ Mean daily Temp RH Wind
season evaporation intensity
in Sdom
(mm/day)
1 Weak Persian Trough Summer 145 High High  Low
2 Medium Persian Trough Summer 14.5 High High  Low
3 Deep Persian Trough Summer 13.3 Mild Mild Mild
4 Sharav Low Over Israel Transient 11.6 High Low High
5 High to the West Winter 11.0 Mild Mild Low
6 Shallow North Cyprus Low  Winter 9.6 Low Mild High
7 High over Israel Winter 8.8 Mild High  Low
8 West Sharav Low Transient 8.2 High Low High
9 RST—Eastern Axis Transient 7.9 High Low High
10 RST—Central Axis Transient 7.8 Mild Low Mild
11 Deep North Cyprus Low Winter 7.7 Low Mild High
12 High to the North Winter 7.1 Mild Low Low
13 RST—Western Axis Transient 7.0 Mild Mild Mild
14 Shallow East Low Winter 6.6 Low Mild Mild
15 Deep Low to the East Winter 6.4 Low Mild High
16 West Cold Low Winter 59 Low Mild High
17 High to the East Winter 5.8 Mild Low Low
18 Shallow South Cyprus Low Winter 5.6 Low Mild Mild
19 Deep South Cyprus Low Winter 53 Low High  High

Average daily evaporation (mm)

Average daily evaporation in Sdom in the different synoptic systems
for the period 1964-2006

Fig. 3 The average daily evaporation (mm/day) in Sdom in the different synoptic systems for the
period 1964-2006
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5.2 Time-series of the synoptic contributions

Figure 4 shows the 1964-2006 course of the relative contribution to the annual
evaporation of two systems; The RST-eastern axis, and the WPT. Figure 4 shows
that the relative contribution of the RST-eastern axis to the annual evaporation has
increased from 7% in the 1960s to 12% in the 2000s. This fits the significant increase
of this system pointed by Alpert et al. (2004). The contribution of the WPT system
also increased from 15% to 24%. On the other hand, the contribution of the MPT
has reduced from 22% to 18%, and also the HW shows a decreasing trend from
24% to 18%.

5.3 Which synoptic systems contributed to the evaporation increases?

Since there is a rise of the pan evaporation in Sdom from 350 cm/year in the 1960s to
about 420 cm/year in the 2000s, it is of interest to quantify the contribution of each
synoptic system to this 70 cm/year increase. Figure 5 shows each contribution to this
70 cm/year rise by every individual synoptic system. This was done by subtraction
of the 1964-1974 averages from the 1996-2005 showing that the WPT and the RSTs
are the primary contributors. Note also that November shows a peak evaporation
increase in the Sdom evaporation (Table 1), and in this month the RSTs are also the
most dominant (Alpert et al. 2006a). Therefore, it can be concluded that the global
climate change in the EM resulting in the redistribution of some hot and dry systems
is manifested by the 70 cm/year evaporation rise in Sdom.

The relative contribution (%) to the annual evaporation at Sdom of the synoptic systems: RST-
eatern axis and Weak Persian Trough during 1964-2006. Trend lines included.
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Fig. 4 The relative contribution (%) to the annual evaporation at Sdom of the synoptic system:
RST-Eastern axis and Weak Persian Trough during 1964-2006. Trend lines included
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Contributions to the increase in the annual evaporation in Sdom of the different synoptic
systems (1996-2005 minus 1964-1974 averages)
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Fig. 5 Contributions to the increase in the annual evaporation (mm/year) in Sdom for the 19
different synoptic systems (1996-2005 minus 1964-1974 averages)

5.4 Separating the evaporation increase in Sdom to two parts: the intrinsic daily
change and the synoptic systems changes

The 70 cm/year evaporation increase in Sdom can be a result of two factors: it can be
the outcome of increased evaporation per day in the different synoptic systems, or
the result in the changing frequencies of the synoptic system. These two factors were
quantified for each system. This was done the following way.

The total change in the average annual A E can be written as:

AE

‘Ex0s — Eeos = Z (Ei2000 fizo00 — Eiso fi0)
;
= Z [(E‘ﬁo + AE) (?ié() + Af) - Fiﬁ()?iéo]
;
== Z [EicoAf; + AE; figo+ AEAf] = Z [AfiEigo + AEi?i()O] 1)
; ;

where:

‘Enooo, Eico represent the mean evaporation for synoptic system (i) in the 2000s and
1960s, respectively,

Fiooos fiso  TEPresent the mean frequency of synoptic system (i) in the 2000s and
1960s, respectively, and:

AE;, Af; represent the changes of the intrinsic evaporation and frequency re-
spectively from the 1960s to the 2000s for each synoptic system i.
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The term A E;A f; was found very small and negligible (order of 10~ and lower)
compared to the other two terms (This term is the highest in the WPT with a value
of 42 mm/year as compared to a value of 393 mm/year of the full term).

Equation 1 can be rewritten as;

AE =" (Fri+ Ev) ©)

Where Fr, = A f,-Fl-ﬁo is the frequency change contribution, and Ev; = AE,-?K,O the
intrinsic evaporation change contribution for the ith synoptic system.

Figure 6 shows the Ev; term, which is the contribution to the evaporation rise
as a result from the higher daily evaporation in each system. Figure 6 shows that
a daily evaporation rise is noticed in all the systems. Note especially the rise for
the HW, WPT and the RSTs. It shows that besides the contributions due to higher
frequencies of these systems there is also a consistent rise in the daily evaporation
of these systems, which can be either a result of local effects, or due to radiative
contribution by the greenhouse gases increases.

Figure 7 shows the frequency change contribution, the Fr; term, which is the
contribution to the evaporation rise as a result from the changing frequency in each
synoptic system, and thus represents large-scale factors or even global effect. As we
noticed that there are higher frequencies of the RSTs and WPT which contribute
to the increased evaporation. There are also reductions of the frequencies in some
synoptic systems such as the MPT, DPT and HW.

Contributions to increase in the annual evaporation in Sdom (1996-2005 averages minus 1964-
1974) as a result from the higher daily evaporation in each system.

Annual difference (mm/y)

Synoptic system

Fig. 6 Contributions to increase in the annual evaporation in Sdom (1996-2005 averages minus
1964-1974) in (mm/year) as a result from the higher daily evaporation in each system, i.e. term Ev;
in text
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contributions to increase in the annual evaporation in Sdom (1996-2005 averages minus 1964-
1974) due to change in frequency of each synoptic system
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Fig. 7 Contributions to increase in the annual evaporation in Sdom (1996-2005 averages minus
1964-1974) in (mm/year) as a result from each synoptic system changing frequency, i.e. term Fr;
in text

6 Summary and conclusions

The evaporation from the Dead-Sea is very important to the local industries. It was
found that the pan evaporation in Sdom has increased by about 70 cm/year from the
1960s to the 2000s. In this paper we explore the reasons for this increase. Several
explanations were suggested. One explanation is that the rise is a local phenomenon
because of the drying of the lake. This drying has caused the local Dead-Sea
breeze intensity to reduce. This breeze uses to temper the Dead-Sea climate and
its weakening causes the temperature to increase, the relative humidity to decrease,
and hence the Sdom pan evaporation to increase. Another local climate change is the
intensification of the Mediterranean breeze entering the Dead-Sea as a result of the
reduced interference of this wind with the opposing but weakened Dead-Sea breeze.
The Mediterranean breeze reaches the Dead-Sea during the evening hours in spring
and summer. The Mediterranean Sea breeze intensifies as it adiabatically descends
into the Dead Sea Valley, warms and dries significantly which is another contributor
to the Dead-Sea evaporation increase.

A very different contribution to the evaporation rise is the increasing effect of
the global warming known as the “greenhouse effect”. The Red-Sea Trough which is
often a hot and dry system has nearly doubled in frequency during last 50 years. Also,
the hottest system of the year-the Weak Persian Trough has increased frequencies.
It was also found that most of the 70 cm/year evaporation increase were due to the
intrinsic evaporation rise in the Red-Sea Trough (about 30 cm/year) and the Weak
Persian Trough systems (about 40 cm/year).

Based on the significant results it was found that both the global as well as the
primarily local effect are contributing to the evaporation increases. It seems that till
the 1990s the local effect was the dominant one, while since the 90s it seems that
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the large-scale effect due to the global warming becomes a dominant factor of the
evaporation increase at the Dead-Sea.
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