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1. INTRODUCTION

The sea breeze has important environmental impli-
cations for comfort conditions and air pollution, in par-
ticular under hot conditions (e.g. Melas 2000). The net
relieving effect of a sea breeze, such as those that pre-
vail in subtropical regions, depends on the balance
between 2 opposing contributions to heat stress: cool-
ing, which reduces heat stress, and moisturizing,
which increases it. 

Sea breeze circulations are well developed during
the summer around 30° latitudes due to the high radia-
tion rate there and to the subtropical highs that cause
relatively weak pressure gradients and low cloudiness
(Oke 1987, Arya 2001). Breezes have been observed

and analyzed even on the coasts of relatively small
water bodies. Extreme examples are lake breezes
found near the northern part of the Dead Sea (Bitan
1977) and Lake Kinneret (Bitan 1981, Alpert et al.
1982), which both have horizontal dimensions of only
~10 km. 

An increase in the synoptic gradient or increase in
cloudiness may hinder or even cancel the sea breeze.
In order to penetrate inland, the sea breeze needs a
pressure gradient that supports it or, at least, does not
interfere with it (Arritt 1993). For example, the first-
degree factor influencing the lake breeze over Lake
Michigan is the synoptic one rather than the local ther-
mal gradient according to Laird et al. (2001), who
found a negative correlation between the speed of the
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opposing synoptic wind and the occurrence of the sea
breeze. The synoptic factor was also found to be domi-
nant in Athens, where a weakening in the summer
Etesian wind is a necessary condition for the develop-
ment of local circulations, such as a sea/land breeze
(Melas et al. 1995). 

The weather conditions over the Eastern Mediter-
ranean (EM) are highly persistent during the summer
season, i.e. June–September, particularly in July–
August. The lower levels are dominated by the so-
called ‘Persian Trough’ (Alpert et al. 1990, Bitan &
Saaroni 1992, Saaroni & Ziv 2000), a pressure trough
that extends from the Asian Monsoon through the
Persian Gulf, along southern Turkey, down to the
Aegean Sea. The Persian Trough appears clearly in
the average monthly sea level pressure maps during
summer, as seen in Fig. 1. As a result, the winds over
the EM, i.e. the Etesian winds (e.g. Air Ministry 1962,
Metaxas 1977, Prezerakos 1984), flow from the north-
west sector. These winds veer north over the south-
ern and eastern parts of Israel due to the influence of
the ridge extending from North Africa toward south-
ern Israel (Alpert et al. 1990). They gain strength
along the Rift Valley, which is 7 to 10 km wide, due
to the channeling effect (Alpert & Getenio 1988) of
the mountain chains extending along both sides of
the region (the Eilat Mountains to the west, up to
1000 m above sea level [ASL], and the Edom Moun-
tains to the east, up to 1600 m ASL, Fig. 2) which are
oriented south-southwest–north-northwest. The aver-
age speed of these winds in the southern part of this

region during the daytime is 5 to 7 m s–1 in July
(Bitan & Rubin 1994). The Gulf of Eilat, located at the
southern tip of the Rift Valley (Fig. 2), is 250 km long
and 10 to 20 km wide. The existence of lake breezes,
noted above, suggests that a sea breeze could be
expected in Eilat, blowing from the south, against the
synoptic forcing. 

The climate of Eilat is hyper-arid, ‘BW’ according to
the Köppen classification. The average daily maximum
temperature for July–August is 39.2°C (absolute maxi-
mum: 47.2°C) and the average relative humidity is only
16% at 14:00 h local sidereal time (LST) (Bitan & Rubin
1994, based on 3 hourly observations from 1963 to
1983). The resulting Heat Stress Index (HSI), according
to the definition of Thom (1959) and Sohar (1980), exists
during these months all day long, and is severe for 7 h a
day on average. These dry and hot conditions suggest
that sea breeze has only a minor effect on the local cli-
mate in summer. The sea surface temperature (SST) of
the Gulf of Eilat is only 26°C (Israel Meteorological Ser-
vice), implying a 13 to 15°C contrast between the Gulf
and the temperature above the adjacent land, larger
than that existing along the EM coast (~5°C). This large
contrast suggests that Eilat should be subjected to the
influence of a sea breeze. The north and northeasterly
winds, opposing the sea breeze, dominate all year
around and southerly winds are the second most fre-
quent, only during the afternoon hours, with 16% oc-
currence at 17:00 h LST in July (Bitan & Rubin 1994). 

The sea breeze along the EM coast and its relation-
ship with the Etesian winds in the summer season, as
well as with the topography, were studied and simu-
lated extensively (Doron & Neumann 1977, Mahrer
1985, Segal et al. 1985, Goldreich et al. 1986, Alpert &
Getenio 1988), but the sea breeze in Eilat, originating
from the Red Sea, has not yet been studied. This study
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Fig. 1. Long-term mean sea level pressure averaged over
1968–1996 (in hPa units, 1 hPa interval) for July–August
(NCEP/NCAR CDAS-1 archive, Kalnay et al. 1996, Kistler et 

al. 2001). Box denotes study area

Fig. 2. Region of Eilat, showing the topography
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documents in detail the sea breeze in
the summer season in Eilat, evaluates
its relationship with synoptic scale fac-
tors over the region, and examines its
impact on the climatic conditions in
this hyper-arid city. The results may
be applicable for other geographical
regions where severe heat stress con-
ditions are combined with an offshore
synoptic scale wind. 

2. METHODOLOGY

The present study concentrates on
the mid-summer months, July and August, the hottest
months of the year. Data were taken from the station
at Eilat airport, located 2 km north of the coast. Wind
data are available on an hourly basis for the years
1994 to1999, and temperature and relative humidity
data only for the years 1996 to1999. Synoptic scale
data were taken from the National Center for Envi-
ronmental Protection/ National Center for Atmos-
pheric Research (NCEP/NCAR) archive (NCEP/
NCAR CDAS-1 archive; Kalnay et al. 1996, Kistler et
al. 2001). 

Statistical analysis was performed for the winds from
the south sector, assuming that they reflect sea breeze.
The analysis includes frequency, timing, duration,
speed and direction. The effect of the breeze on tem-
perature, humidity and heat stress was derived from a
comparison between days on which southerly wind
was observed, hereafter ‘breeze’ days, and days on
which no southerly wind was observed, i.e. ‘non-
breeze’ days. Evaluation of the synoptic factor was
done by comparing the 2 groups of days. Correlations
between various synoptic factors and the characteris-
tics of the southerly winds were calculated. 

3. RESULTS

3.1. Wind regime

Southerly winds were observed, at least once, on
25% of the days, but the percentage of hours during
which southerly winds were observed was only 7.4%.
The diurnal variation in their frequency (Fig. 3) indi-
cates that they were most frequent during the after-
noon hours, with a maximum probability of 21% at
16:00 and 17:00 h LST, and least frequent in the early
morning, 0.3% at 03:00 to 05:00 h LST. Their average
starting and ending times were 12:30 and 19:00 h
LST, respectively, and the most frequent duration was
4 to 6 h (Fig. 4). The diurnal distribution and the tim-
ing of the southerly winds support the idea that they
can be considered a sea breeze. 

The above findings indicate that the sea breeze in Eilat
is much shorter and develops later than the sea breeze
along the Mediterranean coast, which lasts for about 12
h, between 07:00 and 19:00 h LST (Skibin & Hod 1979,
Goldreich et al. 1986). Only in 6 out of the 95 ‘breeze’
days in Eilat did the southerly wind last for more than 12

h, e.g. up to 22 h on 16 July 1999.
The daily course of the southerly

wind component is shown separately
for the ‘breeze’ and the ‘non-breeze’
days in Fig. 5. The average wind on
the ‘breeze’ days was southerly be-
tween 12:30 and 19:00 h LST, with a
maximum of 2.0 m s–1 at 17:00 h LST,
the same time the southerly winds
reached their maximum frequency
(Fig. 3). This speed is about half of that
typifying a sea breeze, 3 to 6 m s–1

(Zhong & Takle 1993) and one-third of
the typical EM sea breeze, which is
more than 5 m s–1 (Goldreich et al.
1986). However, the maximum indi-
vidual speed was 7.2 m s–1, which is
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comparable with that characterizing the EM. The
northerly winds on the ‘non-breeze’ days were
stronger than on the ‘breeze’ days throughout the
entire day, with a maximum average speed of 6.0 m s–1,
as compared to 3.7 m s–1. A distinct relation was ob-
served between the instantaneous directions and
speeds of the winds from the south sector, which were
most intense when blowing from the 190° azimuth. This
direction coincides with the orientation of the Gulf of
Eilat and is exactly opposite to the north-northeasterly
prevailing winds. 

The inter-decadal variation of the ‘breeze’ days fre-
quency (Fig. 6) indicates a pronounced linear decrease
during July–August, with R = –0.77 (significant at the
93% level). The average percentage of ‘breeze’ days
was 34% for July and 16% for August. 

3.2. Synoptic scale factors

An inspection of the NCEP/NCAR data for the study
period indicates that on all of the days in the study pe-
riod the synoptic situation remained similar, i.e. the Per-
sian Trough (except for 1 day, 16 July 1999, in which
the region was under a col). However, several differ-
ences can be discerned between the ‘breeze’ and the
‘non-breeze’ days (Fig. 7). The most prominent is the
deepening of the Mediterranean part of the Persian
Trough further toward the west during ‘breeze’ days
(Fig. 7a), whereas no significant difference is found
over Saudi Arabia, to the east of Eilat. This difference is
expressed in a backing of the northwesterly Etesian
winds over Israel on the ‘breeze’ days, implying a
weakening of the northwest–southeast pressure gradi-
ent over the Gulf of Eilat that suppresses the sea breeze
there. 

The effect of synoptic-scale pressure gradient on the
sea breeze was evaluated by the sea level pressure dif-

ference between the 32.5° N, 32.5° E
and 27.5° N, 35° E grid points, located to
the northwest and the southeast of Eilat.
The average difference at 12:00 h UTC
(coordinated universal time) was 3.1
and 5.0 hPa for the ‘breeze’ and the
‘non-breeze’ days, respectively, in
agreement with Fig. 7. This effect is ex-
pressed also by the correlation, –0.43,
found between the duration of the sea
breeze and the pressure difference be-
tween these grid points. This relation-
ship is further emphasized in the 4 ex-
treme cases, in which southerly wind
approached 6.0 to 7.2 m s–1. In these 4
cases the average pressure difference
was only 1.9 hPa. 

The inhibiting effect of the pressure gradient over
the region on the sea breeze suggests that an inter-
monthly increase in the pressure gradient can explain
the decreasing trend in the occurrence of ‘breeze’ days
from July to August (Section 3.1). Fig. 6 indicates,
indeed, a consistent seasonal increase, of over 25%, in
the pressure gradient over the region from the last 10 d
period of July toward the end of August that is highly
correlated (R = –0.93) with the occurrence of ‘breeze’
days. The seasonal decrease in solar radiation of 7.2%
between July and August (Bitan & Rubin 1994) also
explains this decreasing trend. 

3.3. Implications for temperature, humidity and 
heat stress

The diurnal course of the average temperature and
relative humidity for the ‘breeze’ and ‘non-breeze’
days is shown in Fig. 8a. During the morning hours the
‘breeze’ days were warmer (reaching a 1.7°C differ-
ence at 08:00 and 09:00 h LST) and drier. The water
vapor pressure was ~1.2 hPa lower during the morning
hours of the ‘breeze’ days (Fig. 8b). At 14:00 h LST, the
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time at which the sea breeze began on the majority of
the ‘breeze’ days, the temperature, relative humidity
and water vapor pressure differences were reversed.
The differences increased gradually until 17:00 to
18:00 h LST, when the breeze attained its maximum
intensity (Fig. 5), when the ‘breeze’ days were 2.4°C
cooler and 10% wetter (~5 hPa in water vapor). 

The resulting HSI (Fig. 9) on the ‘breeze’ days was
lower between 15:00 and 21:00 h LST, although by
not more than 0.4°C. This low difference can be
explained by the cancellation between the cooling

and moisturizing effects. It is worth noting that severe
heat stress prevailed on both ‘breeze’ and ‘non-
breeze’ days for the same period, i.e. 10 h. The only
difference is that on the ‘non-breeze’ days this period
lagged behind that for the ‘breeze’ days by 1 h. This
lag results from the combination of higher heat stress
observed on ‘breeze’ days prior to the breeze devel-
opment (difference of 0.7 to 0.8°C between 08:00 and
11:00 h LST, Fig. 9) and the relieving effect of the
breeze, on the ‘breeze’ days, later on. The higher heat
stress observed for the majority of the daytime hours
on the ‘breeze’ days (the daily average temperature
was 0.2°C higher) indicates that the synoptic condi-
tions on these days imply that they would be hotter
than the ‘non-breeze’ days. The possible reason for
this is discussed in the following section. 

In order to focus on the effect produced by the
breeze we did a refined comparison, on an hourly
basis, of temperature and heat stress (Fig. 10). Each
value is averaged separately for the days on which sea
breeze was observed at that specific hour (e.g. 18 cases
at 12:00 h LST and 49 cases at 17:00 h LST) and for the
rest of the days. The general pattern is similar, but the
differences have almost doubled, so that the tempera-
ture and heat stress difference reaches 3.8 and 0.7°C,
respectively, at 19:00 h LST. It is worth noting that
while some relief was achieved by the sea breeze, the
wet-bulb temperature was found to be up to 2.3°C
higher (between 17:00 and 19:00 h LST). At the same
time, the dry temperature dropped so that the differ-
ence between them was reduced by up to 6°C. This
implies that evaporative cooling, both individual and
environmental, loses its effectiveness. 

4. DISCUSSION AND CONCLUSIONS

The sea breeze in Eilat in the mid-summer months,
July–August, was examined for the years 1994 to 1999.
A sea breeze would be expected there due to the large
sea-land temperature contrast, in spite of the suppress-
ing synoptic-scale persistent northerly winds.
Southerly winds were observed on 25% of the days
and regarded as sea breeze. A seasonal decrease, from
34% in July to 16% in August, was found. When it
occurs, the sea breeze starts around 12:30 h LST and
lasts for 4 to 6 h, with a maximum speed of ~2 m s–1,
which is about one-third of the prevailing northerlies. 

The breeze in Eilat is weaker than that of the EM in
several aspects: its frequency is smaller (1⁄4 of that
along the EM) its duration is shorter (<1⁄2) and its speed
is lower (~1⁄3). These differences may stem either from
the substantial difference in the role of the synoptic-
scale forcing, which supports the sea breeze along the
EM coastline but suppresses it in Eilat, or from the rel-
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Fig. 7. Average sea level pressure for (a) the ‘breeze’ days and
for (b) the ‘non-breeze’ days, 12:00 h UTC (coordinated uni-
versal time) for the years 1994–1999 (NCEP/NCAR CDAS-1 

archive)
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atively small scale of the Gulf of Eilat. In order to sepa-
rate between the 2 factors, the synoptic conditions that
prevailed when the sea breeze in Eilat was most
intense were examined. It was found that the suppres-

sive synoptic conditions were significantly weaker
than normal on these days, though the pressure gradi-
ent still opposed the sea breeze. The average maxi-
mum breeze speed for these days (6.6 m s–1) indicates
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that, in spite of its small size, the Gulf of Eilat is an
effective source of sea breeze. Therefore, the cause for
the weak signature of sea breeze in Eilat is the sup-
pressive synoptic forcing. 

The role of the synoptic factor in controlling the
breeze is represented by the regional northwest–
southeast pressure gradient, which was 38% weaker
on the ‘breeze’ days compared to the rest of the days.
The synoptic seasonal increase in the pressure gradi-
ent along July and August also explains the seasonal
decrease in the frequency of ‘breeze’ days, together
with the seasonal decrease in solar radiation. The sea-
sonal trend is also expressed by the fact that the 10 d
on which the sea breeze lasted for 12 h or more were
observed only in July, 9 of them on the first 20 d of the
month. It can be concluded that when synoptic forcing
suppresses the sea breeze under severe arid conditions
the magnitude of the sea breeze is highly dependent
on the synoptic scale pressure gradient.  

The ‘breeze’ days were found to be hotter and drier
at night and during the morning hours than the ‘non-
breeze’ days. No corresponding temperature differ-
ence was found at the 850 hPa level, indicating that
synoptic-scale warming is not the cause for this differ-
ence. This difference may be explained by the role of
turbulence, which diffuses heat and moisture from the
surface upward. Accordingly, the stronger winds on
the ‘non-breeze’ days (Fig. 5) produce more turbu-
lence. This can explain the lower temperature, but not
the higher water vapor pressure, found on these days.
Moreover, since turbulence is effective in reducing
temperature only during the daytime, when the near-
surface lapse rate is super-adiabatic, the lower temper-

atures which are also observed during nighttime
emphasize that another factor is involved. This addi-
tional factor is the advective effect of the northerly
winds, which transport cooler and moister air originat-
ing from the EM (Fig. 1). So, the stronger northerly
winds during the ‘non-breeze’ days explain the rela-
tively moist and cool conditions observed on these
days. This agrees with Segal et al. (1985) and Alpert &
Getenio (1988), who found that the sea breeze, origi-
nating from the Mediterranean, reaches the southern
part of the Rift Valley in the evening hours. 

The temperature and relative humidity difference be-
tween ‘breeze’ and ‘non-breeze’ days is reversed in the
afternoon hours. The relieving effect of the sea breeze,
expressed in the heat stress difference, is only 0.4°C. But
if the higher heat stress observed on the ‘breeze’ days
prior to the breeze initiation (by 0.8°C between 9:00 and
11:00 h LST) is considered, the effect of the breeze be-
comes more pronounced, ~1.2°C. A comparison of the
average heat stress, observed each hour and averaged
separately for the days on which a southerly wind blew
at that hour and the remaining days (Fig. 10), showed the
relieving effect to be 1.5°C. Since the heat stress is se-
vere for 10 h a day in both groups of days, the relieving
effect of the sea breeze is rather small. 

It is worth noting that the average duration of severe
heat stress for the study period 1996 to 1999, i.e. 10 h,
is 3 h longer than for the 1963 to 1983 period (Bitan &
Rubin 1994). This finding is consistent with the differ-
ence in the average 14:00 h LST temperatures, which
are 0.5°C higher in our study period. This difference
can be explained by the increase in the urban heat
island and by the regional warming trend observed
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during these months in the second half of the 1990s
(Saaroni et al. 2003). 

The wind speed also has an important relieving
effect (Givoni 1991). The lower speed of the sea
breeze, with respect to the prevailing northerly winds,
implies that the subjective sensation on ‘breeze’ days
may be even worse. Another important factor in Eilat
concerns the cooling system of homes, the ‘desert cool-
ers’, which cool the indoor air by evaporating water,
the efficiency of which depends on the difference
between dry and wet bulb temperatures. Since this dif-
ference is reduced due to the sea breeze by several
degrees (up to 6°C during the late afternoon), the
breeze hours are expected to become more oppressive
in houses where this cooling device is used. 

Our results can be applied to other coastal regions
where severe heat stress is combined with offshore
prevailing winds. Therefore, in order to identify
coastal regions having these specifications, we
searched the entire globe, using the NCEP/NCAR
archive. The chosen threshold temperature for repre-
senting severe heat stress was an air temperature of
25°C at the 925 hPa level (daily average). We retrieved
several coastal regions that met the above criteria; for
January, representing the southern hemispheric sum-
mer, the coastal region of Namibia (around 20 to 25° S)
and the western coast of Australia (20 to 30° S) and for
July, representing the northern hemispheric summer,
the coast of Mauritania (around 20° N) and southern
Iraq.
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