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Abstract. In the last decade pan evaporation measured at the Southern Dead Sea has significantly
increased. Wind, temperature and humidity measurements at the Dead Seastartinginthe 1930saswell
as 3-D model simulations all seem to indicate a statistically significant change in the local climate of
the Dead Searegion. The potential contribution to this climatic change through the weakening of the
local land-sea breeze circulation caused by the reduction in the Dead Sea surface areain 1979-1981,
is examined. It is suggested that since the breeze tempers the Dead Sea climate, its weakening has
caused the air temperature to increase, the relative humidity to decrease and thus increased the pan
evaporation. Theclimatic changes asimplied by the MM4 Mesoscale PSU/NCAR model simulations,
seem to fit the observed changes and to suggest alocal tendency to the more arid climate that now
prevails to the south of the study region.

1. Introduction

The Dead Sea has attracted attention from ancient times as it does today; it is
located at the lowest spot on the earth; currently, about 410 m below sea level.
It is a part of the Rift Valley, extending from the Taurus mountains in Turkey to
East Africa. Its waters are the densest and saltiest of any natural water body, and
gave the Dead Sea its name, as almost no form of life higher than bacteria exists
in this water, see Oren (1993). The potash factory, located on the southern part of
the lake, makes use of the concentrated salts and the arid climate to manufacture
potash, bromine and other salts by natural evaporation. The arid climate provides
high values of evaporation which make the production process successful.

It is this special Dead Sea climate which is the focus of this paper. The pio-
neering studies of the Dead Sea climate were those of Ashbel, who made extensive
measurements of meteorological aswell as hydrological parameters starting in the
1930s; these were summarised in Ashbel (1975). In recent years, Bitan (1974) has
investigated special features of the Dead Seawind regimes.

Recently, Israel and Jordan have made extensive use of the water previously
flowing into the Dead Sea. As a result, parts of the Dead Sea have dried. Stein-
horn (1981), Klein (1982), Anati and Shasha (1989) and others investigated these
changesin the area of the Dead Sea from different points of view. One result has
been the separation of the Northern basin of the Dead Sea

from the Southern basin which only continues to exist artificially as a water
surface with a depth of only 1-2 m, and is used as an evaporation pond for the
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local mineral industries (Klein, 1985). The position of the region studiesis shown
in Figures1 and 2.

The fact that the Dead Sea influences the climate of its neighboring regions
was discussed by Ashbel (1939). More recently Bitan (1977) investigated these
influences on the local wind regime. In the last decade evidence has emerged that
the drying of the Dead Seahas caused achangein the climate of the Dead Seabasin.
Stanhill (1994) cal culated the effect of the Sea’sincreasing salinity and temperature
in reducing the lake evaporation. Cohen and Stanhill (1996) have shown that the
solar irradiance and maximum temperature to the South Dead Sea have decreased,
and the minimum temperature increased during the last 50 years.

In this paper, the climatic change at the Dead Sea caused by the drying of
the Dead Sea is investigated. The recent rapid increase of the pan evaporation
in Sdom (S in the figures) is described in Section 2. Section 3 suggests that the
drying of the lake may explain the recent local change in the Dead Sea climate.
Section 4 discussesthe significance of the variationsin the lake breeze to the Dead
Sea climate change. Three-dimensional numerical modeling (PSU/NCAR version
MM4) is described in Section 5. The model was run with the extended area of the
Dead Seain the past as well as with its present reduced area. Model results agree
with the evidence presented that a climate change has occurred in the Dead Sea.

2. The Change of Evaporation Climateto the South Dead Sea

2.1. THE PRESENT STATE OF THE DEAD SEA

The general region of study is presented in Figure 1, while the Dead Sea region
and measurement stations are shown in Figure 2. Part of the former Dead Sea
seen in Figure 2 has dried; and the former Lisan Straits west of the former Lisan
peninsula is now dry land. The Northern basin is thus completely disconnected
from the Southern basin, which existsas an artificial 1ake, with water pumped from
the Northern basin via a canal to the Southern basin to maintain a depth of not
more than 1-2 m (Klein, 1985). The local industries use the Southern basin as
evaporation ponds.

2.2. PAN EVAPORATION CHANGES IN SOUTH DEAD SEA

In recent years pan evaporation measured at Sdom (31°02' N, 35°24' E, see station
denoted by Sin Figure 2) have shown a 12-15% increase (Figure 3). Thepanisa
standard U.S. Class A pan, 1.2 m diameter, depth of 25 cm. It is located within the
evaporation ponds region and inside a fenced area of the Dead Sea Works, and is
protected to avoid animal or bird interference. The measurements are performed as
follows. Each day at 8 a.m. three micrometer readings of the pan level aretaken and
the average reading is recorded. Evaporation from the pan is corrected to include
the small amounts of rainfall.
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Figure 1. Areaof the study domain. Topography contours are dashed with 300 m
interval. At the north westerly corner the general area (East Mediterranean) is shown along with the
extended model domain with the six radiosonde locations employed in the model simulations.

Comparison of two pan measurements performed in parallel for several yearsin
Sdom indicatesthe measurementsto have avariance of 2.6 mm? d—2 and astandard
deviation of about 1.6 mm d~—1. Since the variance is additive, the annual standard
deviation was estimated as 30.6 mm yr—1, less than 1% error in the annual values
in Sdom.

In the 1960—1980 period, the annual totals of pan evaporation valueswere 3.40—
3.60 m yr~1. In the last decade it increased to 3.80-4.00 m yr—1, and in 1994 it
reached

avalue above4.00 myr—1. Since 1981 values below 3.50 m yr— have not been
recorded, while in earlier periods about half of the years exceeded this value; see
Figure 3.
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Figure 2. Study domain of the Dead Sea. Topography contours are with 600 m interval. The area
between the dotted lines is the drying zone. Letters KR, ZR, RR, CR and S stand for locations of

Kidron River, Zeelim River, Rachaf River, Chemar River and Sdom, respectively.
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The purpose of this paper is to explore the reasons for this increase. Two years
with relatively low evaporation can be related to volcanic eruptions. The Agung
eruption in March 1963 was a major one with a Dust Veil Index of 800 (Mass and
Portman, 1989), and in this year a sharp decline in the evaporation was recorded
at S (Figure 3). The Pinatubo eruption in June 1991 was also major (Song et al.,
1996), and an evaporation decline was recorded in 1991 and also in 1992, 1992
was also a year with heavy precipitation that may partly explain the evaporation
reduction in that year. For instance, in Jerusalem an exceptionally high rainfall of
1134 mm yr—! was reported for 1992 as compared to the 30 y normal of 492 mm
yr—1 (Israel Met. Serv., 1967).

The annual rainfall at Sdomisonly 50 mm yr—* and its effect on evaporation is
in general small. Correlations between Sdom evaporation and Sdom or Jerusalem
rainfall valuesfor the period 1960/1-1994/5 were cal culated and found, as expect-
ed, negative but very low*, i.e., =0.11 and —0.08 respectively. Similarly, Cohen

* Theindirect effect of rainfall on the evaporation through the change of the Dead Sea areaand the
local climate is apparently much stronger and is the main issue of the present study. Obvioudly, this
indirect relation of rainfall-evaporation involves other factors aswell such asrainfall on the catchment
areg, river flow and water usage.



518 P ALPERT ET AL.
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Figure 4. Average monthly evaporation at Sdom (S). Current period (1982—1993) compared with
previous period (1962-1981), and the monthly difference between the two periods.

and Stanhill (1996) have recently analyzed the variance explained by the rainfall
influence over the annual maximum temperature variability employing a multiple
linear regression analysis in Sdom. They found that rainfall explains only 6% as
compared to 30% in other Jordan Valley locations in the North. They have aso
found negativerelationshipsin al cases, i.e., temperature decreased with increased
rainfall.

Figure 4 presents mean pan evaporation per month in recent years (1982—1993),
as compared to earlier years (1962—-1981). The differences in the monthly values
can also be seen at the bottom of the figure. The main increase is found in the
Spring—early Summer months with a peak in May, while the winter contribution to
the changeis insignificant.
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Figure 5. Dead Sea MSL changes for 1966-1995 following Anati et a. (1987), Anati and Shasha
(1989) and Anati (1997).

3. Local Dead Sea Climatic Change as Affected by the Drying Up of the Sea?
3.1. DRYING OF THE DEAD SEA

Figure 5 showstherecent changesin the mean sealevel of the Dead Sea. According
to Anati and Shasha (1989) the average rate of the drop in the level of the Dead
Seawas 0.8 m yr—! during 1981-1989. In 1969-1977, the average drop was less
than half —0.39 myr—. Therapid drop of the Dead SeaM SL was associated with a
sharp declinein the Dead Sea surface area. The Dead Sea areawas nearly constant
at 940-950 km? during 1940-1950 (Stanhill, 1994). In 1977-1979, when the MSL
was —402 m, the Northern basin became disconnected from the Southern basin and
about 50 km? west to the Lisan Straits have dried out during ashort period of time.
In 1981, the areawas only 796 km? (Steinhorn, 1981), and the remaining Southern
basin has a depth of only 1-2 m. It is interesting to note that the pan evaporation
increase at Sdom began in 1981 following the major contraction of the Dead Sea.
During 19801990, areas of the Northern basin dried, and the Dead Sea area in
1987 was 686 km? (Hydrological Year Book of Israel, 1987).
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3.2. SIGNIFICANT CHANGES OF METEOROLOGICAL VARIABLES IN THE SOUTH
DEAD SEA

Meteorol ogical dataat Sdom (S) from recent yearswas compared to those measured
previously by Ashbel (1975). The measuring station at S remained at nearly the
same location during these years. Three different climate stations operated in the
1930s-1940s; in 1934, measurements were at the foot of the Salt mountain; in
1936, at the evaporation ponds (S) and in 1942, near the Dead Sea Works Factory.
Ashbel used the 1936 (evaporation pond) station and the present S measurements
are also at the evaporation ponds. The station that operated in 1942 is the one
currently maintained by the Israel Meteorological Service.

Over 45,000 observations were considered for the relative humidity calculation
in the 1935-1941 period, and over 20,000 observations in the 1985-1987 period.
For the temperature calculations the corresponding numbers are over 35,000 and
over 15,000. The same calculating procedure was applied in all cases. First, the
monthly average from the hourly means was calculated, than the annual average.
All available data were considered for the calculations. The average humidity in
the 19371942 period* was 55%, as compared to 46% in the recent 1985-1987
period (Issahary et al., 1985, 1986, 1987). This 9% decline implies an evaporation
increase. The average temperature from Ashbel’s data (1975) was 25.7 °C while
the present temperatureis 26.3°C. This0.6°C increase also impliesan increasein
pan evaporation.

In order to statistically examinethe more recent changes, hourly meteorological
data at Sdom between 1975-1989 were studied. The meteorological parameters
examined were air dry and wet-bulb temperatures, wind speed, cloud amount and
pan evaporation. Based on theT'-test the significance of the changesin these hourly
parameters was determined by comparing the recent period of 1982—1989 with the
1975-1981 period before pan evaporation increased.

The calculation procedure was as follows. The hourly data at 08, 14 and 20
for each month, year and parameter were employed to cal culate monthly averages
for each hour. Then, the means for the first period (1975-1981) and the second
(1982—-1989) were computed. The statistical tests' results are presented in Table.
The main conclusions were that wind speeds from March to July have statistically
decreased; air temperatures from February to June have decreased, but increased
for July

to September. The wet-bulb temperatures show a similar trend to that of the
dry bulb temperatures. Finally, evaporation increased from April to September (see
also Figure 4).

* Ashbel (1975) used for humidity measurements the classical hair hygrograph while recent
measurements were taken by the same method during 1985-1986 and in 1987 through the dry and
wet-bulb temperatures, |ssahary (1987). Although the instrumental changes are large, these changes
are statistically significant higher than 99% and are in the same direction as our other findings to be
presented next.



Significant changes of average hourly meteorological parameters at Sdom. New period (1982—-1989)
against previous period (1975-1981). First line: + increase, — decrease of parameter in last period.
Second line: The difference of parameter between two periods. Third line: The significant level of
the climatic change — three stars (x * *): Significant level of more than 99%, two stars (x*) — more
than 97.5%, one star (x) — more than 95%, without star — more than 90%. A blank box denotes
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insignificant change
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We have also examined with the same procedures the climatic trends in other
stations of the Jordan Valley. i.e., Tirat Zvi, Jericho and Eilat, Figure 1. Table Il
summarizesthe significance of changesin the monthly averages of relative humid-
ity, temperature, wind speed, atmospheric pressure and cloud amounts between the
recent period (1982—-1990) compared with the earlier one (1966-1981). The peri-
ods averaged are not exactly corresponding to those of pan evaporation because of
data availability. In contrast to the cal culationsfrom Sdomin Tablel, where hourly
data were used, in Table |l derivations of the monthly mean data were employed
and asimilar pattern to that found at Sdom in Table | was abtained. At Sdom (S), a
reduction in the May—July wind speed was found; an increase in July—September
temperature and a decrease in the relative humidity in May—June. These changes
were not found at the other three Jordan Valley stations. On the contrary, anincrease
in wind speed was found at Jericho and Eilat, and an increase of relative humidity
in Tirat Zvi and Jericho. It should be noted that in other months there is also an
increasein temperature and decreasein relative humidity at Sdom but these are not
statistically significant. Another finding wasincreasesin air pressure at Jericho and
Eilat for several months. Also, the seemingly highly significant decrease in wind
speed at Tirat Zvi is certainly an instrumental error (J. Mishaelli, pers. comm.). A
hypothesisto explain these changesis presented next.

3.3. EXPLANATION TO THE INCREASE IN PAN EVAPORATION AT THE SOUTH DEAD
SEA

As aresult of its decreasing area the Dead Sea breeze has weakened. This wind
normally moderates the Dead Sea climate, and its weakening causes a decrease
in relative humidity, and an increase in the air temperature, and consequently
pan evaporation to increase. These climatic changes are most marked during the
Spring—early Summer months when the sea-land temperature differences are at
their maximum since the lake is still cold from the low winter temperatures, while
the land has already warmed. Therefore, during these months a climatic change
toward a hotter and drier climate is expected as well as an increase in the pan
evaporation.

4. Roleof the Dead Sea Breezein Tempering the Climate of the Dead Sea
Region

4.1. THE DEAD SEA BREEZE AND ITS INFLUENCE ON TEMPERATURE

Figure 6a shows the diurnal variation for the normalized February—June mean
wind speed at Sdom (S), during the recent period of 1987-1989 (measured by D.
Issahary), and the past period of 1935-1941 (Ashbel, 1975). There are differences
in the absolute wind speed between the two curves probably due to the instru-
mentation. Ashbel (1975) analysed measurements using a Dines anemograph that
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Significant changes of average monthly meteorological parametersin four stations at the Jordan Valley. New period (1982—1990)
against previous period (1966-1981). RH — means Relative Humidity, T — Temperature, V — Wind Speed, P— Atmospheric Pressure
and C — Cloud Amounts. First line: + increase, — decrease of parameter in last period. Second line: The difference of parameter
between two periods. Third line: The significant level of the climatic change asin Table |. The single # signs missing data, while
## signs data error
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suffered from strong corrosion in the climate of the Dead Sea, Ashbel (1975),
while recent measurements are based on cup anemometers. Therefore, Figure 6a
presents the normalized wind speed at the two periods performed by subtracting
the daily means and dividing by the standard deviationsin each of the two periods,
respectively. Figure 6a suggestsaclimatic changein thelocal diurnal pattern of the
lake breezes. During the two periods the wind speed increase from the morning till
noon time is characteristic of the breeze (Alpert et a., 1982). In the earlier period,
however, the wind speed beganto rise as early as 7 am., intensified at 9 am., and
reached its peak at 3 p.m. while more recently, the wind speed rise begins only at
around 10 am. and reaches its peak later at 4 p.m.. Hence, the diurnal wind speed
amplitude which reflects the local sea breeze was much emphasized during the
1930s-1940s compared to recent data. Also, in the recent wind speed variations
another maximum at 8 p.m. exists. This maximum is not found in the 1935-1941
averages and will be explained in the next section.

Figure 6b showsthe air temperature at the Southern Dead Sea. Thetemperature
in the 1930s-1940s in the morning hours was somewhat lower than today and
the maximum daily temperature occurred one hour later. A possible change in
the recording time may be ruled out, since the phase changesin Figure 6a, b are
not in the same direction. The phase shift and the higher recent maximum can be
explained by the weakening and delaying of the lake breeze. In the past, this local
breeze cooled the air and moderated the temperature rise during the morning hours.
Now, this effect is weaker, and a steep temperature rise occurs in the morning and
the temperature peaks earlier. It should be noted that each hourly data in Figure
6a, b is the mean of about 600 measurements in the 1930-1940, and about 450
measurementsin the 1980-1990. However, given the short time series, particularly
for the wind (Figure 6a), and the instrument changes, these findings should be
treated with some caution.

4.2. SPECIAL OBSERVATIONAL PERIOD AT THE DEAD SEA

To further investigate the role of the Dead Sea breeze in affecting thelocal climate,
special observations were conducted at the Dead Sea western coast during the
10-13 May 1992, a season when the breezeis particularly strong. The wind vector,
temperature, wet-bulb temperature, radiation and pan evaporation were measured
simultaneoudly at six automatic stations whose locations are indicated in Figure 7.
Measurements at stations KR and S were made every minute and averaged every
hour, while at stations RR and CR measurements were made every 20 s and
averaged every 10 min. For stations JR and J only the 08, 14 and 20 measurements
were available. Figure 7 isfor noon (2 p.m.) of 12 May and for evening (8 p.m.) of
the 10 May (dashed). At noon, the wind direction is north-westerly in Jerusalem,
and north-easterly in Jericho. However, the wind direction in the Dead Sea stations
is from the Lake. In KR, RR, CR and S winds blow with a local lake breeze
component. These effects were also noted by Bitan (1977).
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Figure 6a.

At the evening of 10 May another phenomenon characteristic for the Dead
Sea climate was noticed. At this time, the Mediterranean breeze reaches the Dead
Sea in the Spring and Summer. The airmass associated with this wind falls about
1200 m from the Judean Mountains, heats adiabatically, dries and penetrates the
Dead Searegion. A similar phenomenon further north at the Sea of Galilee was
also simulated and discussed by Alpert et a. (1982). The wind directions in the
evening are westerly to north-westerly with relatively high speeds of 5-10 knots
a al the stations (Figure 7, dashed). The hot and dry wind certainly affects the
evaporation in Sdom. The adiabatic heating and drying of the Dead Sea region
increases the evaporation (Ashbel, 1939). Hence, the changesin the interaction of
the Mediterranean breeze with the Dead Sea breeze in the presence of the steep
topography may have therefore caused the increase in pan evaporation at Sdom
in recent years. In the past, when the Dead Sea breeze was stronger, it delayed
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DIURNAL TEMPERATURE CHANGES IN S
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Figure 6. Diurna variationsin (a) normalized wind speed, (b) temperature at Sdom for the February—
June means. New 1987-1989 and older 1935-1941 periods, are shown.

the penetration of the Mediterranean breeze. Due to the recent weakening of the
Dead Sea breeze, the Mediterranean breeze penetrates strongly into the Dead
Sea region, and this hot and dry wind increases the evaporation. This happens
during both Spring and Summer when the Mediterranean breezeis significant. The
phenomenonisclearly seenin Figure 6a. A new peak in the wind speedis observed
in the more recent years at 8 p.m., while in the past, when the Dead-Sea breeze
delayed the Mediterranean breeze penetration, this peak is missing.

Figure 8 shows the diurnal temperature on the 12 May 1992. From 8 a.m. till
3 p.m. the highest temperature was measured in Sdom, and the lower temperature
was recorded on RR with medium values at CR. S is the farthest from the lake
of these stations, while RR is the closest. As suggested earlier, this temperature
characterigtic is strongly related to the lake breeze, which cools the areas neigh-
boring the Northern basin but isweaker further to the south. In the next section our
hypothesiswill be examined with the aid of mesoscale model simulations.
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Figure 7. Surface wind vectors for 12 May 1992 12 UTC (solid) and for 10 May 18 UTC (dashed).
Arrows indicate wind direction, and line on top of the arrow its speed: diagonal line — 3 knots, short
line—5 knots, long line — 10 knots. Open circles denote fair weather. Letters JR, J, KR, RR, CR and
S stand for Jerusalem, Jericho, Kidron River, Rachaf River, Chemar River and Sdom, respectively.
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Figure 8. Diurnal temperature variations at RR, CR and Son 12 May 1992.

5. Mesoscale Modeling

5.1. THE MODEL AND BACKGROUND DETAILS

A three-dimensional model wasrun in order to investigate the proposed hypothesis
for the climatic change in the Dead Sea region. The NCAR/PSU model version
MM4 (Antheset al., 1987) wasrun for 24 hfor alate Spring-early Summer event on
17 June, 1987, at time when a very pronounced local change was noticed. For the
surface-evaporation fluxes cal cul ations the model uses the explicit, high resolution
PBL model (Zhang and Anthes, 1982) and the fluxes formulation follows Carlson
and Boland (1978). The model domain was 360 x 360 km; grid size of 5 km, and
with 16 vertical levels at the altitudes of 1000 hPa, 991, 982, 964, 937, 901, 856,
802, 730, 640, 550, 460, 370, 280, 190 and 100 hPa. A time step of 10 sec was used
and for the initialization six soundings from the area were employed (Figure 1).
This initialization and other aspects of our high-resolution mesoscale simulations
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Tablelll
Description of land-use categories and physical parameters used in the 3-D model simulations

No. Land-use Albedo Moisture  Emissivity Roughness  Thermal inertia

description (%) avail. (%) (%a9pum) length(cm) (cal cm™2K~1s7%9)
1 Water 8 100 98 0.0001 0.06
2 Wet land 14 50 95 20 0.06
3 Desert 25 2 85 10 0.02

over the region can be found in Lieman and Alpert (1993). Since the evaporation
of the Dead Sea water is about half that of pure water (Stanhill, 1994), moisture
availability for the Dead Sea grid points was assumed 0.5. Over the Dead Sea,
47 points exist in the model domain, 34 of which over the Northern basin and 13
over the Southern basin. The latter includes the evaporation ponds of the Dead Sea
Works. Three runs were performed; the first run with the Dead Sea area as it was
before 1979. In the second run the Dead Sea was omitted, and all its grid points
arein the state of a ‘desert’. The third run represented the Dead Sea at its present
configuration. In the latter, the Northern basin exists as a full sea (neglecting the
decreasein its area as well), and the Southern basin is partly dry in the following
manner. Two grid points west to the Lisan Straits are dry land — ‘desert’, and the
rest assumed ‘wet land’. This reflects the state of the Dead Seain the last decade,
in which part of the Southern basin is dry, and the other part exists artificially.
The second part is represented by ‘wet land’ of the land use category although the
physical characteristicsof the pondsare somewhat different thanthe ‘wet land’ . For
the different categories of land-use parameters used in the model for the Summer
see Table Il (from Antheset al.,

1987). Theroughnesslength may not fit well into theseland-use but these effects
were neglected. Also, the Dead Sea water temperature was assumed constant at
30°C, the mean June value (Ashbel, 1975) ignoring the daily variation of about
5°C (Ashbel, 1975). However, over the Southern Dead Sea ‘wet-land’ grid points
in the model were allowed to changethe ‘water’ temperatures. The Mediterranean
sea surface temperature was assumed constant at 23.5°C. Other important effects
ignored in the present runs are the effect of the increase of the Dead Sea SST in
the last 50 years as reported by Stanhill (1990), and the reduction of the global
irradiance at Sdom as reported by Cohen and Stanhill (1996). Here the focus was
solely to estimate the potential contribution of the changing area of the Dead Sea.

5.2. SIMULATED CHANGES OF THE DIURNAL METEOROLOGICAL FIELDS AT THE
SOUTH DEAD SEA

Simulated diurnal variations of wind speed (a), temperature (b), relative humidity
(c) and pan evaporation (d) on 17 June 1987 at Sdom for the three runs are shown
in Figure 9a—d. The three runs were as follows. First, the ‘full sea’ —the Dead Sea
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Figure 9. Model simulated diurna changes in the meteorological fields at Sdom on 17 June 1987.
The ‘full sea’ run — full ling; ‘no sea’ — dashed-dotted line; ‘present sea — dotted line; difference
fields, i.e., ‘full sea’ minus ‘present sea — dashed line at the bottom. (&) wind speed (m s™%), (b)
temperature (°C), (c) relative humidity (%), (d) pan evaporation flux (mm s~ x 10~4).

asit used to bein the past, the ‘ present sea’ — present state of the seaand ‘no sea’.
At the bottom of each figure the differences between ‘ present sea’ and ‘full sea are
shown. These differences represent the model simulated climatic changes induced
by the area shrinking of the Dead Sea.

Thewind speed, depicted in Figure 9a, showstwo peaks, at 10 am. and at 4 p.m.
Thefirst peak is related to the Dead Sea sea-breeze, while the second refers to the
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penetration of the Mediterranean Sea breeze. The strongest daily wind speedisfor
the *full sea’ run, while the lowest speed is for the ‘no sea’ run. The ‘present sea’
run shows the intermediate values. The wind direction during the day is easterly,
reflecting the local lake breeze. It is missing when the sea is absent and partly
exists in the present state of the sea. The mean sea breeze is 4-5 m s~1 for the
‘full sea run, 3.5-4.5 m s~ for the ‘present sea’ and 34 m s~ for ‘no sea’.
The weakening of the breeze is shown at the base of the figure. The differencein
wind speed between ‘full sea’ and ‘present sea’ isupto 0.8 ms~! at 11 am. and
at 3 p.m. At 4 p.m. the Mediterranean breeze penetrates the region, and the wind
speed reaches 5 m s~ with a north-westerly direction.

Asexpected, thedaily temperatureishighestinthe‘nosea’ run (Figure 9b). With
‘full sea’ the temperature is lowest, and again the ‘present sea’ has intermediate
values. During the night the pictureis oppositeand the ‘full sea’ state has maximum
values. Thetemperature reached its peak at 4 p.m., 36.8 °C without the sea, 35.1°C
for the ‘full sea’ and 35.3°C for the present sea. The Dead Sea clearly tempers
the temperature in its vicinity. During the day it lowers and during night it raises
the neighborhood’s temperature, see the difference line. The difference reaches a
maximum of 0.9°C at 1 p.m.

The relative humidity (Figure 9c), is high during the night and low during the
daytime because of its reversed relationship with the temperature. The relative
humidity is highest for ‘full sea’, lowest for ‘no sea’, and has intermediate values
for ‘present sea’. Theinfluenceof the seaon therelative humidity of itsneighboring
areasistwofold; first, awater source increases the relative humidity in its vicinity,
and secondly, the cooling of the air causes an increase in relative humidity. In the
present state of the sea, the relative humidity is less than in the past because of
the sea’s drying. The difference between the runs reaches 7% at 7 am., with the
negative difference noticed throughout the day.

Figure 9d showsthe cal culated pan evaporation based on the model simulations,
i.e. assuming moisture availability of 1 or doubling the model results calcul ated
for moisture availability of 0.5. The maximum pan evaporation is for ‘no sea’,
while the evaporation is minimal for ‘full sea. The difference between the past
and present state runs reaches a value of 5.5 x 10~* mm s~! at noon. The total
daily pan evaporations at the three runs were computed as follows. First, the mean
evaporation fluxes of the day were found. Next, the daily evaporations were found
and multiplied by theratio between the moisture availability of pure water (100%),
and that of the grid point under investigation in every run. Hence, the total daily
pan evaporations at S was found to be 5.9 mm d—1 for ‘full sea’, 27.4 mm d—1 for
‘nosea’ and 14.4mmd—1 for the* present state’ . These estimates may be compared
with the actual valueof 18.5 mm d~! measured on 17 June 1987. It should be noted
that the model seemsto predict quite high valuesfor the ‘no sea’ case as compared
to the Jordan Valley values, but this may be due to the even drier conditions over
the hypothetically totally dry Dead Sea.
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Figure 10. Model-simulated surface winds (m s~1) on 17 June 1987 12 UTC (14 LT). Scale of the
wind speed is at the bottom. Topography is dashed with 300 m interval. Letters JR, Jand S stand for
Jerusalem, Jericho and Sdom

respectively. (a) ‘present sea (b) the difference, i.e. ‘full sea’ minus ‘present seal.

5.3. AREAL DISTRIBUTIONS OF THE METEOROLOGICAL FIELDS

Figures 10-13 show the geographical distributions of the wind vector, temperature,
relative humidity and lake evaporation respectively at 12 UTC (1400 L ST or 1500
with Summer time). In each of the figures (@) is for the present state, and (b) is
the difference map between ‘ present state’ and ‘full sea’ (‘full sea’ minus ‘present
sed’). Hence, (b) represents the simulated climatic change.

Figure 10a, b shows the wind vectors. The Mediterranean breeze does not pen-
etrate the Dead Sea region at noon, while close to the Dead Sea the easterly lake
breeze dominates (Figure 10a). From the difference map (Figure 10b) (‘full sea
minus ‘ present sea’ ) theinfluence of the Dead Seadrying on thelocal breeze can be
seen. The differenceis especially apparent in the Southern basin where the change



RECENT CHANGES IN THE CLIMATE AT THE DEAD SEA 533

60

60

30 30

NORTH (km) —
NORTH (km) —

-60

EAST (km) — EAST (km) —

Figure 11. AsFigure 10 but for the surface temperature (°C). Here, the difference is ‘ present sea
minus ‘full sea’. Temperature interval is2°Cin (a) and 1°Cin (b).

in land-usetook place. The difference wind vectorsin the Southern basin represent
the weakening of the Dead Sea breeze.

Figure 11a, b is for air temperatures at 12 UTC. The difference map (* present
sea’ minus ‘full sea’ in this case) shows adifference of 1 °C in the Southern basin,
representing the simulated climatic change in temperature.

Figure 12a,b is for relative humidity. A high value of 45% over the lake is
noticed in Figure 12a, compared to 20-25% over the land. Figure 12b shows

a difference of —4% between the two runs, representing the simulated effect of
the climatic change on the relative humidity.

Figure 13a, b presents the lake evaporation maps. As already mentioned, the
salinity effect of the Dead Sea was taken into account by reducing the moisture
availability to 0.5. A high value of evaporation flux of 13.5 x 10> mm s~ for the
Southern basin can be seenin Figure 13a. Theincreasein lake evaporation reaches
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avaue of 10 x 10> mm s~ at noon over the Southern basin, with a7 x 10~°

mm s~ increasein S (Figure 13b).

6. Discussion

Morton (1983) suggested a similar hypothesis to the one adopted here. Based on
his model results, he proposed that an inverse relationship exists between actual
(areal) and potential (pan) evaporation. He has explained this by a micro-climate
modification. Two main processes seem to act while the Dead Sea dries. Both
processestend to increasethe potential evaporation. Thefirst processwas described
in this study and similarly in Morton (1983). In our study, it is the modification of
the micro-climate through dynamical changes in the Mesoscale circulations. The
weakening of the local sea-land breeze causes an increase in air temperature, a
decreasein relative humidity, and thus, an increase in the pan evaporation.
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Figure 13. AsFigure 11 but for the lake evaporation (mm s~* x 10~°). Evaporation flux interval is
1x10°mmstin(@and2 x 10°°> mmstin (b).

The second process is the increase in salinity of the lake. Stanhill (1994) sug-
gested that decreasein the evaporation from the Dead Seawas accompanied by the
increased salinity from the Sea. Obvioudly, the reduction of the Dead Sea areawas
associated with increased salinity. The reduced evaporation from the Sea dimin-
ishes the relative humidity in the air, which in turn may further increase the pan
evaporation at the Southern Dead Sea. It will be helpful to run the model with the
salinity changesaswell. It can be done by reducing in the model, the Sea moisture
availability at the Southern Dead Sea. Further research on the salinity variations
potential effect on the climatic change is beyond the scope of this preliminary
study.
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7. Summary

Three-dimensional model simulationsin combination with measurements and sta-
tistical calculations strongly suggest that a climate change has occurred at the
Southern basin of the Dead Sea. The evidence presented here associates the Dead
Sea breeze weakening with the drying of the Dead Sea and reduction in its area.
The breeze, which tempers the climate of the Dead Sea, becomes less vigorous,
especially inthe Spring early-Summer monthswhen it probably causesincreasesin
theair temperature and decreasesin the rel ative humidity, causing anincreasein the
pan evaporation at the South Dead Sea. This hypothesisindicates a desertification
tendency in the Dead Sea climate.
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