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Summary

At times, a pronounced trough of low barometric pressure
extends from equatorial Africa northward, over the Red Sea
and the eastern Mediterranean countries, i.e., the Red Sea
Trough. The associated weather is usually hot and dry, and
consequently the atmosphere becomes conditionally un-
stable. In cases in which additional moisture is supplied and
dynamic conditions become supportive, as the case analyzed
here, intense thunderstorms occur, with extreme rain rates,
hail and floods.

The storm herein analyzed caused extensive damage both
in casualties and property and evolved in two main
consecutive phases: In the first a Mesoscale Convective
System that moved from Sinai northward over Israel
dominated, and in the second deep convection was organized
mainly along a cold front.

Data analysis indicates several synoptic-scale factors that
had a supportive effect on the storm formation and intensi-
fication: Conditional instability established by the Red Sea
trough, mid-level moisture transport from Northern Africa,
and upper-level divergence imparted by both polar and
subtropical jet streams over the Middle-East.

Mesoscale features were further investigated by means of
a hydro-meteorological observational analysis with high
spatio-temporal resolution using raingauge and radar data,
and satellite imagery. It is shown that local factors, partic-
ularly topographic effects, play a major role in the evolu-
tion, intensity and spatial organization of the convective
activity.

Our findings support results of a numerical study of
another autumn rainstorm associated with the Red Sea
trough. In the present case we identify an additional

contributing factor, i.e., a mid-latitude upper-level trough
that further intensified the storm as it was approaching the
Middle-East.

1. Introduction

An intense rainstorm struck the Middle-East (ME)
between 17 and 19 October 1997. The storm, with
its associated showers, caused extensive damages
both in casualties and infrastructure. At least 6
people were killed in Egypt and 9 in Israel. In
Jordan, 2 people were drowned by floods in the
vicinity of Amman (Fig. 1).

Torrential rain and thunderstorms with huge
hail stones (2.5-5.0cm diameter, see Sec. 5
below) and gusty winds swept parts of Israel.
Rain intensities exceeded 100mmh~' for 10
minutes which in Jericho, for instance, has a
return period of over 30 years (Morin et al., 1998).
Extreme floods were observed, especially in small
arid watersheds (less than 300 km?). In some cases
record values of peak discharge were registered,
such as 4m>s~! in a 0.5 km? watershed near Eilat
(Schick, personal communication) and 160 m?s~!
in a 36 km? watershed east of Beersheba (Garti,
personal communication). Flash floods caused the
drowning of 3 children and a woman in the
northern Negev, 5 other people were killed and
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Fig. 1. Location map — Progression of the rainstorm over
the Middle-East during the 17 and 18 October 1997. The
arrow represents the movement of the Mesoscale Con-
vective System on the 17 October 1997

over 50 people were rescued from several creeks
in the Judean desert. Several roads and protective
devices were damaged by floods, causing, among
others, the closing of Eilat airport for 24 hours and

the flooding of a school, luckily during school
vacation.

Localized convective showers are common in
the ME in the fall. In the arid southern part of
Israel (the Negev) they contribute 15-25% of the
annual rainfall in the form of high intensity rains
exceeding 30 mm h~! (Sharon and Kutiel, 1986).
In lower-latitude subtropical deserts showers of
this type are the major rainfall source (Sharon,
1974, 1981; Krichak et al., 1997a).

The occurrence of such rainstorms in the study
area has been attributed mainly to intrusions of a
low-pressure trough extending from Sudan toward
the ME, i.e., the Red Sea trough (Ashbel, 1938;
El-Fandi, 1948). This trough is a dominant feature
in the ME in October (Bar-Lavy et al.,, 1977;
Dayan and Sharon, 1980; Ronberg, 1985), and is
regarded as an extension of the African Monsoon
(El-Fandi, 1948).

The annual climatic regime of the African
Monsoon trough is controlled by the converging
trade winds in the ITCZ, which oscillates (at 0°
longitude) between 5—10° N in the winter and 20—
25° N in the summer (Hayward and Oguntoyimbo,
1987). Its normal position for October is 15—
20° N, over the heated continental interiors of
central and East Africa (Barry and Chorley, 1998).

Three consecutive stages can be discerned in
the course of the episode treated below: Ante-
cedent conditions and two phases of the storm
itself. Prior to the onset of the storm a Red Sea
trough extended over the Levant region and trans-
ported hot and dry air from the Arabian Desert at
the lower levels, leading to a build-up of con-
ditional instability throughout the troposphere.
The 1% phase of the storm was dominated by a
Mesoscale Convective System (MCS) that moved
from Sinai northward over Israel. At the 2™ phase
intense convection was organized along an ap-
proaching mid-latitude cold front that swept Israel
on the following day. Thus, this storm, and others
of its type that occur in this particular geographi-
cal setting, represents a special case of a tropical/
extra-tropical interaction, involving elements from
the African Monsoon, the subtropical jet and a
mid-latitudinal cyclone. The above-mentioned
convergence of phenomena from arid and marine
environments, though interesting in itself, also
poses a serious problem of data availability, unlike
in extensive continental regions. This situation
may explain why studies on rainstorms associated
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with the Red Sea trough have hitherto focused on
relatively narrow aspects, such as numerical
studies on the dynamics and evolution of such
storms (Krichak et al., 1997ab; Krichak and
Alpert, 1998) or an in depth analysis of the hydro-
meteorological aspects of resulted flood (e.g.,
Greenbaum et al., 1998).

The purpose in the present study is to gain —
and present — a broader and more comprehensive
perspective on observational characteristics of a
storm, using various types of data that comple-
ment each other in illustrating the structure of the
storm and the factors affecting its evolution in
time. We, therefore, concentrate on synoptic-scale
data derived from global data sources, on satellite
and radar imagery, local surface observations over
Israel and, in the absence of the latter, even in-
direct hydrological evidence on rainfall inputs.
Section 2 below briefly describes the various
methodologies by which the storm was analyzed.
Sections 3-5 describe the evolution of each of the
above mentioned stages, and concluding remarks
follow in section 6.

2. Data and methodology

The fields used for the synoptic-scale analysis are
taken from sets of the NCEP/NCAR reanalysis
data with 2.5° x 2.5° resolution (Kalnay et al.,
1996). The upper-level soundings from Beit
Dagan (see Fig. 1) and some complementary
synoptic data were obtained from the Israeli
Meteorological Service, the infra-red satellite
imagery from the NOAA polar orbiters, and the
water-vapor imagery from METEOSAT geosyn-
chronous satellite.

Rainfall totals were derived from 350 official
rain gauges (Israel Meteorological Service) and 40
Dynes autographic rainfall recorders and data
loggers (Israel Meteorological Service, Hebrew
University Arid Ecosystems Research Center).
Data on the distribution of rain intensities in time
and space were obtained through application of
the software package RAIN (Morin and Sharon,
1993). The detailed analysis of the rainfall
systems during the two phases of the storm was
performed, using the following tools:

e maps of daily rainfall totals

e rain charts from recording stations

e isochrone maps (after Kelway and Herbert,
1969), in which isolines connect locations with

equal timing of rain occurrence. To reduce

irregularities, isochrones denote the time by

which 15% of the daily total was accumulated.
e radar reflectivity data, as specified below

For October 17, only hourly scans were avail-
able from the meteorological radar (C-band) op-
erated by Electro-Mechanical Service Ltd (EMS)
at Ben-Gurion International Airport, 10km south
east of Tel Aviv. The range of its beam is 185 km.
On October 18, 5-minute data were derived from
the Tel Aviv University C-band radar with similar
specifications. The data from both radar systems
were obtained from beam elevations of 0.7-2.1°.
The latter is equivalent to 3.25-4.35km a.s.l. at
90 km, within which the most active cells were
detected.

In the following the referenced time is UTC.
Note that UTC lags behind the LST in Israel by 2
hours.

3. Antecedent conditions (Oct 14-17)

Between Oct 14 and 16 congested clouds were
scattered between 7-12°N over Africa with an
extension toward the southern part of the Red Sea
(Fig. 2). Their location corresponded to the
climatological position of the African Monsoon
trough for October, i.e., several degrees south of
the Monsoon trough as expected by Sadler (1975).

At the same time the Levant region was
subjected to a south-easterly flow at the lower
levels under the influence of the Red Sea trough
(Fig. 3a). At the lower levels warm advection
prevailed, resulting in a significant surface tem-
perature rise of up to 35°C in the inner coastal
plains of Israel on October 16 (8 °C above normal,
Israel Meteorological Service, 1983) and to 24 °C
at the 850 hPa level (Fig. 3b, 9 °C above normal).
At the same time temperatures at the higher
troposphere were 2 °C to 4 °C below normal (after
Shaia and Siles, 1972) at the 500 and 300 hPa
levels, respectively. This differential warming en-
hanced static instability with respect to the normal
conditions.

The soundings of Beit-Dagan (central Israel)
for Oct 16 and 17 (Fig. 4ab) indicate both
conditional instability within the 900 to 400 hPa
layer. During that 24 h period the relative humid-
ity within the 900-600 hPa layer increased from
15-40% to 35-85%, while no significant change
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in the temperature profile was observed. This re-
sulted in a respective lowering of the lifting con-
densation level (LCL) from 610 to 705 hPa (about
1200m). The tephigram for Oct 16 1100 UTC
(Fig. 4a) indicates an inhibition of convection (for
parcel lifted from 900 hPa, at the top of the lower
stable layer). The Convective Available Potential
Energy (CAPE) calculated for the following day
(Oct 17 1100 UTC) was 1187Jkg~! (assuming
lifting of parcel from 925 hPa layer up to 300 hPa,
Fig. 4b). This change paved the way for the
development of the deep convection that took
place later. Figure 5 indicates mid-troposphere
moist advection from south-west. The water vapor
imageries (not shown) indicate the existence of a
band of upper-atmospheric moist air with a south
west-north east orientation extending from wes-
tern equatorial Africa toward the ME.

The resulting cloudiness is clearly seen on the
satellite imagery (Fig. 7). However, at this stage,
before 17 Oct 1400 UTC, no significant rainfall
was yet recorded over Israel. The bases of individ-
ual clouds are all well aligned with the main
topographic ridges along the Red Sea coast, e.g.
along the coastal ridge in eastern Egypt, the
mountainous area of southern Sinai and over the
hills of Edom in western Jordan.

Fig. 2. NOAA satellite IR imagery for 1800
UTC 16 Oct 1997, showing the congested
tropical cloud above Africa and the Red Sea
(bottom)

4. Phase I: Mesoscale convection: synoptic
scale forcing and topographic effects (Oct 17)

4.1 The onset of the storm

While the Red Sea trough dominated the ME at
the lower levels, a well developed upper trough
extended from eastern Europe to the Mediterra-
nean near Greece with a northerly polar jet (PJ) to
its west, over central Europe, and another PJ
streak with south-south-west orientation ahead of
it, over Turkey (Fig. 8a). While maintaining its
zonal position, the wind speed within the sub-
tropical jet (STJ) was larger by over 80% than its
monthly normal speed (about 27ms~!, Air
Ministry Meteorological Office, 1962), with a
maximum of 45ms~! over Libya.

The anvils of individual Cumulonimbi that
developed over the Red Sea region south of 27° N,
point toward the east north-east (Fig. 9), reflecting
the upper-level winds associated with the STJ.
This is more clearly seen in the visible imagery
(not shown), where the core of such a cloud is
brighter than its anvil. A point of diffluence (not
necessarily implying divergence) between the
latter and the PJ (Fig. 8b, dashed line) is uniquely
reflected by the delta-shaped (60° angle) anvil of
the active cell over southern Sinai.
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Fig. 3. Lower-level analysis for
0000 UTC 16 Oct 1997: (a) Sea
level pressure (hPa), showing the
Red Sea trough over the ME.
(b) 850hPa. Isotherms, with 2°C
interval, and wind vectors, show-
ing warm advection over the

— 18 ms! b Levant region
Several synoptic-scale factors are suggested as part of the Mediterranean (Fig. 8b) that was
supportive for the initiation of the rainstorm: proceeding toward the east (not shown).
e The mid-tropospheric moisture transport from
e The lower-level convergence (Fig. 10), reflect- western equatorial Africa as may be deduced
ing a combined effect of the Red Sea trough from both the relative humidity and wind fields
and the sea breeze. (e.g. Fig. 5) and the water vapor imagery.
e The 200hPa divergence center with a max- e A cold advection that took place at that time

imum of over 40 x 107°s~! over the eastern over the Levant region, as seen in the lower-
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Fig. 4. Soundings from Beit-Dagan (Central
Israel), containing temperature (denoted ‘T’)
and dew point (denoted ‘Td’) for (a) 1100 UTC
16 Oct 1997, and (b) 1100 UTC 17 Oct 1997.
Conventional wind barbs represent 5.0ms~'.
Both wind profiles show a uniform south-
southwesterly flow at middle and high levels,
while the westerlies at the lower 1 km may be

Potential Temperature { X)

| CAPE: 1187 Jkg-1 B
1 Lifting Condensation Level (LCL): 705 hPa |-
Level of Free Convection (LFC): 660 hPa

——== Tlg N \// attribuTed to the sea breeze (the statiorllislocaFed
0 0 201,0 10’ 25 ) " " " 8km inland). Note the increase in relative
) ) humidity. The term ‘CAPE’ means Convective
Temperature (°C) b Available Potential Energy
level temperature field (e.g. Fig. 6), suggesting intensive rain-showers where local factors were
the existence of a cold front. involved as specified below.

The latter factors together with the combination
of lower-level convergence and upper-level diver-
gence, intrinsically linked through continuity
equation to upward motion at the mid-tropo- Analyses of rainfall charts, rainfall totals, satellite
sphere, enhanced the potential for the initiation of and radar imagery reveal detailed information on

4.2 Mesoscale convection
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Fig. 5. Relative humidity (10%
interval) and wind vectors at
700hPa for 1200 UTC 17 Oct
1997, showing a region with high

relative humidity over Libya. The
wind vectors reflect that this air-
mass is transported to the Levant

— 13 ms-1

the mesoscale systems that have evolved under the
atmospheric conditions described above.

During the afternoon of Oct 17 a cloud system
of 50-100km in diameter advanced from Sinai

Fig. 6. 850hPa isotherms (with
2°C interval) and wind vectors for
17 Oct 1997 1800 UTC, indicating
cold advection over Israel

into the central Negev (Fig. 9), in line with the
prevailing south-south-westerly wind between
850-200hPa (Fig. 4b). The system moved at
3040kmh~! (see isochrones in Fig. 11). Subse-
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quently, while expanding and changing shape, the
system accelerated to 45kmh~! and moved
farther northward along Israel up to Lebanon till
2200 UTC. The system spread light to moderate
rain (2-6 mm) over most of the country (Fig. 12).
During its passage over the northern Negev and
the Judean Hills an approximate 1.5h long back-
ing of winds from north-west to south-west was
observed, together with an 40 min long intensifi-
cation from less than 5 to over 10ms™' (e.g.
Fig. 13).

While light rains were observed over most of
the country, intense smaller convective cells of
less than 10km in diameter, accompanied by
thunder, gale, and heavy showers, were taking
place within that system over abrupt topographical
features (Fig. 14). This occurred first in the south
of the country (the Negev) and Sinai, then along
the Rift Valley in the east. The latter occurred

Fig. 7. NOAA satellite visible
picture for 1206 UTC 17 Oct
1997, showing the convective
cells which developed quickly,
particularly over the mountain
ridges along the Red Sea coast

along the 600—1000 m high eastern slopes of the
central mountain ranges of Israel, overlooking the
Dead Sea, and the Jordan Valley. In large parts
these slopes consist of a series of massive escarp-
ments formed by the recent geological down-
faulting along the rift walls. The combination of
small, intense convective elements (Fig. 14),
embedded in a larger stratiform cloud of 100 km
scale (Fig. 9), fits the definition of a Mesoscale
Convective System, MCS (Maddox, 1980; Ray,
1986).

Following below is a more detailed scrutiny of
the smaller scale convective elements as they
developed within the system during its 9-h
passage northwards over Israel.

o At 1300-1400 UTC extreme flooding occurred
south of Eilat and in the upper tributaries of
the Paran watershed (Fig. 1).
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Fig. 8. 200 hPa wind field for 1200
UTC 17 Oct 1997; (a) wind speed
(isotachs with 5ms~! intervals)
and wind vectors. Heavy arrows
represent main jet streaks. (b)
divergence and wind vectors (di-
vergence isopleth intervals of
10 x 10~°s~1). Heavy dashed line
represents the line of diffluence
over Sinai

e Between 1500-1600 UTC precipitating con- distinct elements were moving northward and
vective elements within the MCS extended diverging from each other.
from west-south-west to east-north-east over e At 1700 UTC a precipitating convective

the 1000 m high central Negev (Fig. 14). Three element was affecting the lowlands 20km
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Fig. 9. NOAA satellite IR picture
for 1552 UTC 17 Oct 1997,
showing the diffluent winds aloft
as reflected by the drifting of
cloud tops between west over
Saudi-Arabia and south-south-
west over Sinai

Fig. 10. Sea level divergence field
(isopleths with 10 x 107%s~! inter-
val) and wind vectors for 1200 UTC
17 Oct 1997, showing the conver-
gent flow (negative values) over
Israel and Jordan due to confluence
of weak south-easterly flow and
north-north-west flow
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Fig. 11. Isochrones of the progression of the precipitating
elements of the MCS, steered by the south-south-western
flow aloft, 17 October 1997 1530-2130 UTC. Isochrones
denote the time by which 15% of the daily total was accu-
mulated

west of Beersheba (Fig. 14). Simultaneously,
other elongated twin clusters and some smaller
elements were intensifying over the south-east
and east facing slopes in the lee of the
southernmost outliers of the Judean Hills.

Fig. 12. Rainfall totals over Israel (mm) accumulated
during the passage of the MCS, 17 Oct 1997 1530-2130
UTC

By 1800 UTC, as the system was moving
farther north, the western element had disinte-
grated, whereas the eastern one intensified and
moved northward. Intense convective activity
associated with the latter raged to the east of the
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Fig. 14. Superposition of hourly radar reflectivity scans
(dbz), 17 October 1997, 1500-2000 UTC showing the
divergence (or splitting) of cells over the central Negev
(1500-1700 UTC) and the intensification of elements to the
lee of the Judean Hills (1700-1900 UTC). Dashed arrows
represent the assumed paths of cells

hilly region, by now within a narrow 30 km long
north-south oriented strip (Fig. 14) of high-
intensity showers exceeding 110mmh~'. The
narrow strip extended over the eastern slopes of
the Judean Hills and was translating northwards,

off the coast near Ein Gedi from a north-easterly
to a north-westerly direction. The fact that heavy
rain on that evening was strictly confined to the
slopes only is also evident from hydrologic re-
ports. Thus, although only very light rains were
observed along the ridges of the Judean Hills and
west of them (Fig. 12), severe flooding occurred
that evening in all wadies draining the eastern
slopes into the Rift Valley (Novak, 1998,
Tb.5.3.1).

e Around 1900 UTC, the active strip was already
situated above the more moderate eastern
slopes of the Samarian Hills, lacking rocky
escarpments. This may have contributed to the
somewhat more diffuse appearance of the strip,
as well as its slight drifting eastwards, to the
lowest part of the slope. Still, over 40 mm of
high-intensity rainfall was observed in that area
at Argaman, 35 km north of Jericho.

After 1900 UTC, as the system was moving
over the much lower hills of northern Samaria
and the Lower Galilee, the winds receded and
veered back to a north-northeastern direction,
and rainfall in the respective parts of the Rift
Valley ceased. Yet, gusty winds and thunder
were still reported at a few sites, along the
relatively warm Rift Valley, including Lake
Tiberias.
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e Between 2000-2100 UTC thunderstorms were
affecting the steep 800-900 m high slopes of
the northern Hula Valley (on both sides)
yielding 20-25mm of rain with a recorded
intensity of 140mmh~! at places (e.g. Kfar
Gil’adi), accompanied by southerly winds of
10-15ms~!. By 2200 UTC the MCS had al-
ready moved into Lebanon. At the same time,
another system, to the south of the former,
crossed the southern Negev northward, yield-
ing 16 mm of rain in FEilat, (half of the annual
average there!) within 10 minutes, which
caused a local flood over the lower part of
the town.

After midnight (Oct 18, 0000 UTC) the storm
activity faded out. The satellite image from that
time (not shown) indicates that Egypt, Sinai, Israel
and southern Lebanon were almost free of active
cloudiness. This may have been caused by both
the nocturnal stabilization affecting convection
in general, and by a significant decrease in
the 200hPa wupper divergence from over
25 x 107®s~! on Oct 17, 1200 UTC (Fig. 8b) to
less than 10 x 107®s~! (not shown).

5. Phase II: Activation of a high instability
by a cold front (Oct 18)

In the morning hours of October 18 1997 the PJ
moved slightly eastwards from its position on the
previous day shown in Fig. 8a, and it now
extended above Israel. However, the Levant region
still retained the same position relative to both
jets, i.e., to the left of the STJ exit and to the right

of the PJ entrance. The surface charts show an
eastward shift of the Red Sea trough with a newly
formed cyclone above south Turkey and Cyprus
(Fig. 15). The latter was accompanied by an
advance of the trough at the 500hPa level
(mentioned in Section 4.1) toward the eastern
Mediterranean and with a baroclinic low at
850hPa over Turkey, as implied by the wind
vectors in Fig. 16. The motion of the 500 hPa
trough was at a rate of 4° longitude per 24 h, i.e.,
from 24° to 28° E between October 17 and 18, 12
UTC (500 hPa maps not shown). However, con-
vective elements were still affecting parts of the
region, as described below. Unlike in Phase I, they
were now organized both in time and space, by an
approaching cold front.

In the early morning hours of Oct 18 isolated
Cumulonimbi were forming in the south-east
Mediterranean region, with well-developed anvils
(Fig. 17). The one near Gaza stands out with its
very regular, well-defined shape, to which the
convergent land breeze along the concave coast of
Israel and Sinai suggested by Neumann, 1977.
Concurrent winds at Gaza and other stations in the
region were, indeed, south-easterly with a speed
of 2-3ms~!. A sequence of radar scans (not
shown) indicates a subsequent north-eastward
propagation of this cloud and a drifting of its
anvil which thus attained an elongated shape.
While extending further north, between 0500-
0800 UTC, the latter was spreading light rains
over the coastal plain.

Between 0900-1100 UTC, a series of circular
thunderstorm clusters crossed the coast line
toward the northern Negev. As they moved farther

Fig. 15. Sea level pressure (with 2 hPa
interval) for 18 Oct 0600 UTC, show-
ing the eastward shift of the Red Sea
trough and the formation of a Cyprus
low
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Fig. 16. 850hPa temperatures
(with 2°C interval) and wind
vectors for 18 Oct 1997 1200 UTC

Fig. 17. NOAA satellite IR pic-
= s [ : ture for 0414 UTC 18 Oct 1997,
1810 Oq 04 ,'1' 4z 8 showing the isolated Cumulo-
= nimbi over the southeastern
Mediterranean
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inland toward noon, they were still developing and
intensifying. A sequence of radar scans (not
shown) indicates that these clouds were gradually
organizing into a thick line with 200-020° orien-
tation, while advancing inland, toward the east. It
included several extremely active elements exten-
ding south-westward over the northern Negev.
One of these hit Beersheba in the northern Negev
at 1100 UTC, and resulted in huge hailstones
(2.5-5.0 cm diameter) and severe showers (20 mm
with intensity up to 216 mmh~! for 2 successive
minutes) accompanied by gusts of 27ms™!.
Extreme floods were formed over catchments that
were hit by these showers (e.g. 160m*s~! in a
36 km? watershed, the highest discharge measured
there in the last 50 years).

By 1155 UTC the line of storms mentioned was
already incorporated in the wide thick cloud sheet
with a sharp western edge shown in Fig. 18. The
latter reflects a cold front over the Levant, that

181097 11:35z

may be inferred also from the 850 hPa tempera-
ture field in Fig. 16. The location and orientation
of the front coincide with those of the concurrent
position of the PJ mentioned above.

While moving within a still highly unstable
environment, the front activated deep convection,
manifested in Fig. 19 as a line of heavy thunder-
storms advancing over the Judean Hills. As the
front was moving eastward, the precipitating ele-
ments approaching the Dead Sea and the Jordan
Valley did not disintegrate over the 1000 m high
lee-side slopes, as it is common in ‘ordinary’
rainstorms affecting this area (see Section 6.1
below). Figure 19 shows quite clearly that these
elements may even have expanded and intensified
after passing the divide. This is supported by daily
rainfall totals of 15-20 mm at Ein Gedi near the
Dead Sea (Novak, 1998, Table 5.3.2) as compared
to 14-18 mm on the ridge south of Hebron, (not
shown) directly upwind of Ein Gedi. In addition,

Fig. 18. NOAA satellite IR
picture for 1155 UTC 18 Oct
1997, showing a distinct frontal
structure over the Levant
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Fig. 19. Selected radar reflectivity scans for (a) 1101 UTC
(b) 1121 UTC and (¢) 1136 UTC 18 Oct 1997. The main
water divide is denoted (after Novak 1998)

resulting floods in the Dead Sea area were even
heavier than in Phase I (Novak, 1998, Fig. 5.3.3
and p. 72).

The passage of the above front and a farther
eastward movement of the Red Sea trough denote
a transition to the more common extra-tropical
Cyprus low that developed over the Eastern
Mediterranean with a new position of the upper-

level trough at 500 hPa (not shown). As such, that
ensuing phase is beyond the scope of this study.

6. Discussion

This study deals with a major autumn rainstorm
that affected the ME on 17-19 October 1997,
associated with the Red Sea trough. The storm
was characterized by its extensive coverage
(Egypt, Israel and Jordan simultaneously), extreme
rain intensities with huge hailstones and gales
that resulted in casualties and damages caused by
floods. The paper describes its both the synoptic-
scale processes and the phenomenological as-
pects.

Prior to the formation and intensification of the
storm, a preexisting Red Sea trough transported
hot air toward the ME in the lower levels (Fig.
3a,b), establishing conditional instability there
(Fig. 4a,b). Subsequently a mid-latitude upper
trough from Greece approached the region,
accompanied by an intensification of the STJ over
Africa and a formation of a PJ over Turkey (Fig.
8a). The ME was then situated simultaneously to
the left of the STJ exit and to the right of the PJ
entrance, implying near tropopause divergence.
An increase in relative humidity within the mid-
troposphere under conditional instability (com-
pare Fig. 4a and 4b), along with the synoptic-scale
forcing, stimulated intense convection.

At its first phase the storm had the character of
tropical convection, with high temperatures. During
that phase local topography played a major role in
this context, as is specified in subsection 6.1 below.
At the second phase convective cloudiness still
prevailed, only that it was now organized along a
cold front that swept Israel that day (Figs. 16, 18,
19), which subsequently led to the transformation
of the storm into a mid-latitude baroclinic system.

6.1 Convection and surface effects

During the entire storm (especially in phase 1),
the spatial and temporal patterns of the intense
convective activity offer evidence linking it to
external mesoscale factors that apparently en-
hanced that activity. This is in agreement with
Doswell et al. (1996) who emphasized the role of
mesoscale terrain features in the above context.
The effect of topography on mesoscale convec-
tive systems over the region studied here was
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also stressed by Greenbaum et al. (1998) who
analyzed a high-magnitude rainstorm and flood
that took place on October 1991. Here are several
examples:

Radar scans from 17 October, around 1500-
1600 UTC, clearly reflects the effect of prominent
ridges and escarpments in the 800-1000m high
central Negev Mountains, in the initiation of con-
vective elements (Fig. 14). Later, between 1700—
1900 UTC, the development of intense convection
was restricted to the abrupt western rim of the Rift
Valley (see Sec. 4.2 above). The 30 km long strip
of convective activity that was translating over
these slopes around 18001900 UTC apparently
delimits the area within which the fresh south-
westerly flow associated with the MCS (Fig. 13)
could be driving a turbulent surface flow which —
in turn — may have contributed to trigger con-
vection over the precipitous lee-side slopes.
Before the invasion of the above winds, easterly
surface winds of 4-5ms~! were observed at the
Dead Sea, flowing toward the escarpment. An
easterly surface flow along with the passage of
winds with a westerly component blowing across
a steep mountain ridge with a north-south orien-
tation was found by Carlson et al. (1983) to be an
important contributor to the stimulation of con-
vection on the lee-side slopes.

Deep convection was again enhanced along the
same line on the following day, with the con-
vective elements strung out along an advancing
cold front (see Sec. 5). The persistence of deep
convection observed on that day during the descent
over the 1000-1400 m high lee-side slopes is very
unusual under normal frontal situations. Hence it
may suggest the recurrence of a mechanism in
which, under a westerly flow, an already existing
intense regional instability can be locally released
over these lee side escarpments. A numerical
study of orogenic MCSs development (Tripoli and
Cotton, 1989) and an observational study of con-
vective storms interacting with major topographic
features (Garstang et al., 1987) support this hypo-
thesis. Situations in which rain intensities over the
above mentioned escarpments were significantly
higher than in their surroundings have been
observed in past (e.g., 17 Oct 1987, Margalit,
personal communication).

The divergence (or splitting) of convective
elements from each other that was observed over
the central Negev on October 17, 1500-1600 UTC

(Fig. 14) may have resulted from the steering of
the diffluating jets aloft (Fig. 8a). However, a
similar pattern of evolution has been observed in
that area in a previous rainstorm (December 1993,
Margalit, personal communication). Both events
may suggest that beside the synoptic scale forcing
the abrupt topographic features in that region also
have played a role in this type of unique evolution.

Topography also seems to have played a role in
the enhancement of convection later that evening
over the Galilee, at northern Israel, 2000-2100
UTC. The southerly flow along the Hula Valley
was ascending with the slope of the valley bottom,
but even more due to the convergence forced by
the escarpments encroaching on both sides of the
valley. These two effects may explain the extreme
rain intensity recorded there (Sec. 4.2). Thus, the
present analysis offers evidence for three different
mechanisms by which abrupt topography may
enhance deep convection: Upslope forcing, con-
vergent channeling into a deep rift valley and a
less-well understood mechanism taking place over
massive lee-side escarpments.

6.2 Synoptic scale factors

The storm studied here involves elements from a
variety of climatic regimes, i.e., tropical elements
(Red Sea trough and tropical moisture), the
subtropical jet and mid-latitudinal systems (PJ,
Cyprus cyclone and cold front).

Krichak and Alpert (1998) analyzed numeri-
cally a severe autumn rainstorm that took place
over the ME in November 1994 under the influ-
ence of a Red Sea trough, and proposed the
following sequential events: (1) Enhanced moist
advection from the Arabian Sea toward equatorial
Africa that stimulates convection there. As a
result, (2) the STJ over the Red Sea is intensified,
thus, (3) enhancing the Red Sea trough, which in
turn, (4) transports moist tropical air-mass from
the Arabian sea north-westward, toward the ME.
Finally, (5) when cyclogenesis takes place over
the ME both the Red Sea trough and the STJ
weakens and moist air masses from the Arabian
Sea are again directed toward tropical Africa.

The analysis of the above storm confirms the
general evolution as proposed by Krichak and
Alpert (1998), in particular the existence of stages
(2), (3) and (5). Concerning stage (4), i.e., mois-
ture transport toward the ME, the situation in the
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present case is different. Moisture does not origi-
nate from the south east, but rather from south
west as reflected in Fig. 5. In this respect, the case
dealt with here is more similar to those studied by
Leguy et al. (1983), Sasson (1990) and Zangvil
and Isakson (1995) in which moisture transport
originated from west Africa.

Unlike the case studied by Krichack and Alpert
(1998) we suggest here that the approach of a
mid-latitude upper-trough toward the ME may
also have contributed to the development and
intensification of the storm in the following ways:

e The enhanced south-western flow ahead of the
trough at the middle levels may have trans-
ported moisture from western equatorial Africa
to the ME (Fig. 5).

e The PJ ahead of the trough over Turkey
contributed to the upper-level divergence over
the ME, situated underneath the right side of its
entrance (Fig. 8a,b). The divergence may be
further enhanced due to a coincidence with the
divergence imparted on the left side of the STJ
exit over the ME, where along-stream decelera-
tion of the wind took place (Fig. 8a). A co-
location of two divergence centers associated
with two distinct jets was suggested by
Uccellini and Kocin (1987) as the background
for an explosive cyclogenesis that took place
over the eastern coast of the United States,
regardless whether the jets are parallel to each
other (as in their case) or almost perpendicular
to each other, as in the present case.

e The cold front associated with the developing
Mediterranean cyclone on 18 October contrib-
uted an additional drive for convection (Figs.
16, 18, 19).

e The cool air surge at the lower levels over
Greece (e.g. Fig. 6) enhanced the zonal tem-
perature gradient along northern Africa. Ther-
mal balance implies that this would enhance the
STJ there. Such an intensification is found to
initiate the development of the Red Sea trough
(Krichak et al.,, 1997b) and the ageostrophic
effects, such as the divergence to the left of its
exit, right over the ME (Fig. 8b).

In addition, instability is enhanced when an
approaching mid-latitude trough causes upper-
level cooling, while the lower levels remain hot
by the influence of a Red Sea trough (El-Fandi,
1948).

Some other effects of a mid-latitude trough on
autumn rainstorms have been observed. In a
previous storm that occurred over the ME on 17
October 1987 a mid-latitude trough penetrated
into the subtropics, so that the STJ over north-
eastern Africa curved cyclonically, unlike in the
above storm. As a result a divergence center was
found at the inflection region of the jet ahead of
the trough, over southern Israel, presumably
contributing to the intensity of the rainstorm.

The mean 500 hPa flow field for October 1997
(NOAA, 1998) shows a distinct trough extending
from Scandinavia southward via central Europe
down to Greece. At the center of this region
the monthly negative anomalies exceeded 15 m.
Moreover, negative anomalies were observed there
on 70% of the days at that month. In other words,
in October 1997 the eastern part of the Mediter-
ranean was recurrently situated under the front
edge of an upper-level trough. This may suggest
that this autumn rainstorm was not an incidental
event, but rather may reflect a cumulative effect of
longer term systems, on the order of a month.

6.3 Seasonality of the Red Sea trough over the ME

The connection between the STJ and the devel-
opment of the Red Sea trough (Krichak et al.,
1997b), together with the seasonal variations in
the proximity of the African Monsoon to the ME,
may explain the tendency of the Red Sea trough to
develop in the autumn. The African Monsoon is at
its closest position to the ME in October as com-
pared to the winter, when it moves farther to the
south (Barry and Chorley, 1998), so the winter
season is unfavorable for such development. Con-
cerning the STJ, in summer it is positioned over
Turkey, thus too far from the Red Sea, where it
may affect the Red Sea trough. In the transition
from September to October the STJ is displaced
southwards, from the 36° N latitude (over Syria,
north Iraq and north Iran) to 28-29° N (see also,
e.g., Lahey et al., 1960), where it may initiate the
development of a Red Sea trough.

Being a source of potential damage, a timely
and reliable forecasting of rainstorms associated
with the Red Sea trough is required. The above
findings and hypotheses point at several frame-
works in which improvement of forecasting skill
can be achieved. For example, the hypothesized
linkage between the intensity of the storm and the
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approach of a mid-latitude trough toward the ME
suggests that when a Red Sea trough extends over
the region, the approaching trough should be con-
sidered as an alarm. Further, if specific topogra-
phical effects, as noted here, prove to be consistent
in other events they may enable the forecaster to
point at potential sites susceptible to floods, e.g.,
expected westerly winds over the Judean Hills
may indicate the likelihood of a flood occurrence
over their eastern escarpments. The above discus-
sion implies that further effort is required to
investigate such rainstorms in general and the
topographical and other surface effects in partic-
ular.
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