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Abstract. A special study of the Sharav
Cyclones indicates that they are the result of
large-scale weak baroclinicity, enhanced by vig-
orous boundary-layer Dbaroclinicity between the
North African coast and the Mediterranean. It is
illustrated how the jet stream plays a major role
in the vertical circulation in producing a complex
cyclonic circulation dominated by at least three
mechanisms: large—-scale interior baroclinicity,
boundary-layer baroclinicity, and Jjet stream
related circulations. The main characteristics of
the Sharav Cyclone (also called the Saharan
Depression or Khamsin Depression) in the
Mediterranean are reviewed. Unlike the cold
winter cyclone, the Sharav Cyclone is a spring
cyclone. Its tracks lie mainly along the North
African coast and turn to the north near the
southeastern Mediterranean. Its warm front is
active and is sometimes associated with extremely
high surface temperatures. Its cold front is
shallow. The Sharav Cyclone moves eastward rela-—
tively fast, typically faster than 10 m s!, and
with a small speed variability. 1In general, there
is an upper level trough to the west of the
surface low and the surface horizontal scale is of
the order of 500-1000 km. Finally, it is
frequently associated with heavy dust/sand storms
and low visibilities. Some of these features are
illustrated in a case study of the April 28-30,
1986, cyclone. Vertical cross sections indicate a
deep circulation associated with the exit region
of an upper level jet. In addition to presenting
evidence that the Sharav Cyclone 1s a deep
tropospheric circulation, it is shown that the
transverse indirect circulation at the exit region

of the Jjet is a major component of its
circulation. The classic two-level baroclinic
model (Phillips, 1954) is applied. The effects of

the major diabatic heating due to the sensible
heat flux above the North African desert and the
large north to south temperature gradients are
incorporated through the thermal wind of the basic

state. The model predicts the fast eastward
motion, the relatively smaller horizontal scale
and the fast growth rate. Furthermore, the model

predicts an annual maximum growth rate in April
and a secondary peak in October, which agrees with
the frequency of occurrences of the Sharav
Cyclones.
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1. Introduction

During winter the Mediterranean Sea region is
influenced by mid-latitude cyclones which are
associated with active weather, particularly in
cold fronts. These cyclones are nearly absent

during summer, when subtropical high pressure
dominates the region. In the spring season,
however, observations indicate the frequent

occurrence of cyclones on the lee side and to the
south of the Atlas Mountains. These cyclones
generally move eastward along the southern coast
of the Mediterranean Sea. Their source was
identified by several investigators as lee cyclo-—

genesis associated with the Atlas Mountains in
Algeria [e.g., Weather in the Mediterranean,
1962]. This spring cyclogenesis is explained by

the lee effect as well as by the coastal thermal
gradient, which becomes quite large during spring,
when the African continent’s temperatures rise
considerably relative to the yet <cold sea
[Pedgley, 19721. The major role of the large
north to south temperature gradient was first
pointed out by Elfandy [1940]. The cyclogenesis
initiated by the presence of an upper level trough

is the source of the "Sharav Cyclones," sometimes
referred to as the "Saharan Depressions" or
"Khamsin Depressions." There is also a mani-

festation of cyclogenesis along the Libyan and
Egyptian coasts. The cyclones, which originate in
the lee of the Atlas Mountains, move more or less
along the coastal line. Sometimes the cyclones
are formed along the coast, primarily during the
spring season. Pedgley [1972] discusses the low
variability in the frontal structure and has
associated this with characteristics of the North
African coast and, in particular, the strong
heating above land.

Although it is a major synoptic feature of the
Mediterranean region, relatively few studies of
the Sharav Cyclone have been made. Most of them
are basically case studies done by local synop-—

ticians [Elfandy, 1940; Tantawy, 1964; Pedgley,
1972; Winstanley, 1972; Druyan, 1978]. Tantawy
[1964] has suggested that the activity of these

cyclones is strongly correlated with the sub-
tropical Jet stream and sometimes, in severe
weather events, with the southward transition of
the polar jet stream.

Earlier studies suggest that the coastal
baroclinicity in spring has a major impact upon
the Sharav Cyclones. However, to the best of our
knowledge, this effect has not yet been incor-

porated in any dynamical model of these cyclones.
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In the present study we first review (section
2) the main features of the Sharav Cyclone com-—
pared to the winter cyclones and then follow with
a recent case study from spring 1986. In section
3 a two-level baroclinic model which includes
diabatic heating effects is applied to the North
African coast in an attempt to explain some of the
Sharav Cyclone’s unique features. The use of some

assumptions (section 4) becomes inevitable owing
to the sparsity of the data above the Medi-
terranean Sea and North Africa. Finally, in

sections 5 and 6 the results are discussed and
then summarized.

2. The Sharav Cyclone: Main Features

1. The Sharav Cyclone 1is primarily char-
acteristic of the spring season. Figure la (from
Reiter, 1975] demonstrates the occurrence of
cyclogenesis in the Mediterranean Sea region in
autumn (September-November) , winter (December—-
February) and spring (March-May). Each point
represents the first occurrence of a cyclone

during a 7-year period. Areas which are well
populated with these points are regarded as cyclo-

genetic. 1In addition to the expected cyclogenesis
over the Mediterranean Basin, especially in
winter, we can see a very intensive cyclogenetic

center on the lee side of the Atlas Mountains in
the spring chart. For the area map, see Figure
1b. Another, weaker cyclogenetic region is seen
in the coastal zone of east Libya and Egypt.

2. The Sharav Cyclone’s track is typically
close to the North African coast and in general
not over the Mediterranean, as for the marine-type
track of the winter cyclones. This point will be
demonstrated later for the spring of 1986.

3. The Sharav Cyclone has an active warm
front. It differs from the winter cyclones, which
are characterized by active cold fronts with
primarily convective cloud cells. Figure 2 is a
typical example of the cloud structure of a Sharav
Cyclone on April 23, 1986, at 1650 UT. For com—
parison, Figure 3 shows the cloud structure of a
typical winter cyclone at approximately the same
longitude on January 7, 1986, at 0130 UT. Cross
sections through the warm front in the following
case study will show the intensity of the updraft
and circulation (Figure 10).

4. The temperatures in the warm sector are
remarkably high. Figure 4 shows the frequency
distribution of the April daily maximum tem—
perature in Cairo, Egypt [Tantawy, 1969]. The
graph is a composite of two nearly Gaussian shape
curves: the main peak belongs to the "normal" days
with maritime air mass influence, while the sec-
ondary peak is the result of the Sharav events.
The distance between the two peaks 1is about
7°-8°C.

5. The cold front is shallow but well defined
near the surface. The surface temperature drop
across the cold front is very sharp and has typ-
ical values of 10°-20°C, [e.g., Elfandy, 1940].
Oon the other hand, the depth of the cold air mass
is only 1-2 km in most of the Sharav Cyclone
events. Hence the cold front is generally not
associated with well-developed clouds nor with any
precipitation [Tantawy, 1964].

The Sharav Cyclone

6. The cyclone moves eastward relatively
fast. While the average speed of the winter
cyclones in the Mediterranean is about 5° long-
itude per day (about 5.5 m s™!) and this value may
vary considerably, the Sharav Cyclones move at
about twice that speed (~10 m s™!) and their speed
variability is quite low.

7. The Sharav Cyclone is associated with an
upper level trough far to the west. Although its
central pressure on the surface chart is com-
parable to that of the Mediterranean cyclones,
closed contours appear only in the lower levels of
the troposphere, and in general, the 500~-mbar
trough is further to the northwest. This will be
illustrated in the following section in the Sharav
Cyclone study (see Figure 9).

8. The horizontal size of the cyclone is
500-1000 km, as opposed to over 1500 km for the
winter cyclones.

m

1

" [MAR-MAY]

Fig. 1la. Occurrence of cyclogenesis in the
Mediterranean during the seasons indicated for
January 1, 1965, through December 31, 1969, and
October 1, 1972, through July 31, 1974, for
autumn, winter, and spring [after Reiter 1975].
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Fig. 1b.

9. The cyclone path tends to follow the North
African coastal 1line and when approaching Sinai
(southeastern Mediterranean) it sometimes turns to
the north, following the direction of the eastern
Mediterranean coastline. Figure 5 summarizes the
tracks of 10 Sharav Cyclones which were observed
to pass through the Egyptian coast during the 1986
spring season (March-May).

Topography of the Mediterranean area [from Reiter, 1975].

10. The passage of a Sharav Cyclone is
frequently typified by heavy sandstorms and dust
storms in the Mediterranean region, associated
near the surface particularly with the cold front.
The dust, which is associated with the warm front
and the warm sector, may reach the 500-mbar level
and above. The influence of the Sharav Cyclone
goes far beyond regional interest because of the

Fig. 2.
April 23, 1986, at 1650 UT.

IR satellite (Meteosat) picture of the Sharav Cyclone in the Bay of Sidra on
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The Sharav Cyclone

Fig. 3. IR satellite

0130 UT.

(NOAA 9)

huge amounts of dust transported to large hori-

zontal distances [e.g., Lee, 1983; Westphal et
al., 1985].
Table 1 summarizes the major differences

between a typical cold winter cyclone and the
Sharav Cyclone. Table 1 is based upon the afore-
mentioned literature and, in particular, on
Weather in the Mediterranean [1962], Reiter
[1975], and recent satellite and synoptic studies
by the authors. Horizontal scale and surface
depth are determined by the closed isobars at the

Fig. 4. Frequency distribution with 1°C intervals
of the April daily maximum temperatures in Cairo,
Egypt [after Tantawy, 1969]. The number, N,
indicates average number of days. Dashed curves
represent approximate extension to Gaussians (see
text) .

picture of a cold winter cyclone on January 7,

1986, at

surface. The time scale is derived from the
horizontal 1length scale and the speed of the
cyclone.

3. A Sharav Cyclone on April 28-30, 1986

On April 28, 1986, at 1200 UT, an upper level
cyclone dominated the western Mediterranean (Fig-
ure 6a). On the surface chart (Figure 6b) at that
time, the primary cyclone was in Italy and a
“"Sharav Cyclone" moved along the North African
coast (Figure 7). Although we ourselves performed
the analyses, we also used the European Centre for
Medium-Range Weather Forecasting (ECMWF) analyses
to complement our maps where data were insuf-
ficient. It was found that the ECMWF analyses do
capture the Sharav Cyclone realistically, although
the forecasts are generally poor. On April 29,
the Sharav Cyclone reached the Nile delta in
Egypt, and temperatures in the warm sector
exceeded 38°C. The eastern Mediterranean became
covered by medium-level clouds, which c¢an be
clearly seen in the IR Meteosat image from April
29, at 1200 LST (1000 UT); see Figure 8. Dust
storms were reported in eastern Egypt.

The synoptic charts at 500 mbar and at the
surface (see Figures 9%a and 9b) do not show a
major change in the upper level conditions; the
primary upper level low is still in Italy (compare

Figures 6a and 9a), but the 500-mbar wind at
Bet-Dagan, Israel, veered from weak northwesterly
(~5 knots, or ~9 km h™)) to a stronger westerly

wind of 25 knots (~45 km h™')., A similar veering,
with stronger winds, is noticed in the 300-mbar
chart (not shown). At the surface, however, as
may be seen by comparing Figures 9b and 6b, the
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Fig. 5. Trajectories of 10 Sharav Cyclones that passed Egypt during spring 1986
(March-May) .

Sharav Cyclone has traveled a long distance of
about 1000 km, that is, about 9° latitude in 1
day. Although the primary trough in Figure 9a is
still far to the west, at about 15°E longitude the
intensification of the upper level flow and the
strong diffluence at the upper levels in the Sinai
Peninsula region seem to play a role similar to
that of an exit region of a jet streak, as
discussed by Brill et al. [1985]. Also, one can
notice (see Figure 9b) that severe dust storms
reduced visibilities below 3 km in eastern Egypt,
surface winds exceeded 20 knots (~36 knm hd), and
temperatures dropped from 38° to 22°C across the

TABLE 1.

Summary of Cyclone’s Features for the "Sharav Cyclone'

cold front from Cairo to Alexandria (a distance of
about 100 km) .

The possible role of the transverse indirect
circulation at the exit region of an upper level
jet in the generation and maintenance of the
Sharav Cyclone, and perhaps the weather associated
with it, is quite difficult to study because of
the lack of sufficient upper air data above the
North African coast. Fortunately, as the cyclone
approaches the southeastern corner of the Medi-
terranean, as on April 29, 1986, at 1200 UT, a
northwest to southeast cross section along the
right portion of the Sharav Cyclone (see Figure

and the

Winter Cyclone in the Mediterranean Region

Cyclone Feature

Sharav Cyclone

Winter Cyclone

Generation region

lee of Atlas Mountains

Gulf of Genva and

and track North African Coast Mediterranean
Horizontal scale, km <1000 >1500
Vertical scale, km <3-5 full troposphere
Time scale, days 0.5-1 1-4
Speed, m s7? >10, with small ~5, frequently with

variability large changes of
speed

Surface depth, mbar ~10 10-20
Dominant cloud type warm front (medium- and cold front

high-level clouds)

Surface temperature
gradients in the
cold front, K/100 km

Main season spring

10-20

(convective Jow-
level clouds)

<5-10

winter
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Fig. 6.
500-mbar isohypses and isotherms
surface isobars,

Synoptic charts for the Mediterranean region on April 28,
(dashed curves)
contour interval of 2.5 mbar.

1986, at 1200 UT; (a)
with intervals of 6 dm and 3 K; (b)
Dashed 1line in Figure 6b indicates the

cross section for Figure 11. Visibility is indicated according to the WMO code for synop,
that is, up to 50 in hectometers and above 55 by kilometers, when subtracting 50.

9b) did contain some relatively close radiosondes.
FPigures 10a and 10b present the cross sections
along the line from (left) 50°N, 20°E to (right)
20°N, 40°E, taken from the ECMWF analysis for
potential temperature, tangential wind vectors,

BN

20°E 30°E
Fig. 7. Track of the Sharav Cyclone on April
28-29, 1986. The numbers above the track indicate

date and hour (UT), while below the track the
central surface pressure is depicted.

and the normal component of the horizontal wind,
with a contour interval of 5 m s}, positive into
the page (Figure 10a), and relative humidities, in
percent (Figure 10b). The calculation of the
vertical velocity ® follows the routine ECMWF
analysis, in which the horizontal divergence is
integrated from the surface to the corresponding
level. The ® analysis also includes the
coordinate correction VyVp [e.g. Holton, 1979, p.
72].

The point at the surface warm front (~32°N,
32°E), at the southern Mediterranean border, is
quite close to the cyclone center and gets the
strongest upward motion of about 0.7 Pa s7l. The
maximum vertical velocities are at 600-400 mbar
and correspond well with the massive medium level
cloud cover reported there (compare Figures 10a
and 10b). Above 300-400 mbar, vertical velocities
decrease considerably and the transverse diverging
flow to the south intensifies. There are two
jets; the stronger one (30 m s™!) right above the
southern Mediterranean at about 200 mbar, which is
probably associated with the upper level polar
jet, while the higher (100 mbar) and more southern
jet (22°N) is to be identified as the subtropical
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Fig. 6 (continued)

Fig. 8. IR satellite (Meteosat) picture for April 29, 1986, at 1000 UT.
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Fig. 9. As in Figure 6, but for April 29,

jet. The approximately transverse indirect
circulation in the exit region of the former
corresponds well with that reported and simulated
by Brill et al. [1985] in North America, with deep
and precipitating cyclones. In the present study
the dryness of the planetary boundary layer and
the lower troposphere up to about 2-3 km (see
Figure 10b) nearly inhibits surface precipitation
and the most commonly observed cloud was a
well-developed altocumulus with medium-altitude
bases at about 3 km.

It is of special interest to compare the
vertical cross sections for April 29, at 1200 UT,
with those 24 hours earlier in approximately the
same position relative to the Sharav Cyclone.
Figures lla and 11lb present the cross sections for
April 28, 1986, at 1200 UT, corresponding to
Figures 6a and 6b. The dashed line in Figure 6b
indicates the cross—section 1line. As mentioned

earlier, the conventional synoptic data coverage
above the North African coast is insufficient.
However, the high similarity obtained between

these cross sections and those for April 29 seem
to indicate the important contribution of uncon-

1986,
indicates the cross-section line for Figure 10.

at 1200 UT. Dashed line in Figure 9b

ventional data, like satellite winds and temp-—
eratures, that 1s incorporated routinely in the
ECMWF analyses [Bengsston et al., 1982]. The

cross sections are very similar to those 24 hours
later in many of the details: (1) The surface
centers of the Sharav Cyclone (indicated by letter
I in Figures 10a and 1lla) are located right
beneath the jet streak (see letter L in Figures
lla and 10a). (2) A very dry layer from 950 to
800 mbar exists, and on top of it there is a
massive medium-level cloud (Figures 11lb and 10b).
(3) The maxima of the upward motion are above the
cyclone, with the upper maximum at the level of
500 mbar (Figures lla and 10a).

These indicate that the Sharav Cyclone has
kept its basic structure throughout the 1000-km
track along the North African coast. There are,
however, some important changes, as follows: On
April 28 the northern colder cyclone (the Genoa
Cyclone) 1is much closer to the Sharav Cyclone.
Notice the strong upward motion (Figure 1lla),
which is located at 42°N compared to 48°N on April
29 (Figure 10a). It i1s also strongly pronounced
in the two tranverse circulations, which are
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Fig. 9 (continued)

nearly combined for the two cyclones on April 28
(Figure lla) but are separated on April 29 (Figure
10a). The two cyclones are closer on April 28,
even though the jet streak associated with the
Sharav Cyclone is further to the south, whereas on
April 29 the jet streak is «right above the
coastline. This seems to indicate a tendency of
the Sharav Cyclone to gradually cut off from the
parent Genoa Cyclone. This process may also be
associated with the lowering of the center of the
transverse circulation from 550 to 700 mbar (the
centers are indicated Dby the letter I).
Furthermore, it is possible that in the earlier
stages the Sharav Cyclone is primarily supported

by the synoptic baroclinicity induced by the
northern trough, while in the later stages, other
mechanisms like jet streak effects and/or

lower~level baroclinicity take place. Of course,
the evidence from one case is not sufficient for
making further conclusions because the differences
between the two stages as well as the different
topographical cross sections might contribute to
the aforementioned changes.

Another difference Dbetween the two cross
sections is the stronger upward motion on April
29. Again, this difference as well could be the

result of insufficient upper level data in the
area of concern, which is particularly noticed on
the April 28 maps (Figures 6a and 6b).

On the evening of April 29 the cyclone turned
toward the north (see Figure 7), passed through
the Israeli coastline, and reached the Cyprus
Island region. The passage of the cold front in
Israel was associated with wind gusts of 25-30
knots (~45-54 km h™!) and local dust storms in the
Negev Desert of Israel. On the next day, April
30, the southeastern Mediterranean region became
influenced by maritime cool air. The temperature
sounding of Bet Dagan, Israel, at 1200 UT on April
30, versus that of 24 hours earlier, illustrates
the cool and shallow air mass penetration that
took place as the cold front passed the station.
The depth of this cold layer is only about 1.5 km
(Figure 12).

The current case could be classified as a
slightly deeper and more pronounced cyclone than
the typical Sharav Cyclone described in section 2,
whose features were summarized in Table 1. The
surface depth was about 10 mbar and the horizontal
and vertical scales were close to those given in
Table 1. However, higher than typical surface
temperature gradients were observed (see Figure
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Fig. 10. Cross sections for April 29, 1986, at 1200 UT, extending along a line from 50°N,
20°E (left) to 20°N, 40°E (right) from the ECMWF analysis. (a) The potential temperature
(contour interval 5 K), tangential wind vectors (scale at the upper right-hand corner),
and the normal component of the horizontal wind (contour interval of 5 m s™}, positive
into the page). (b) The relative humidity (in percent). In Figure 10a, isentropes 300
and 305 K were subjectively smoothed to remove false super-adiabatic layers in the
analysis. The line and dot shading signifies the land and ocean in the ECMWF model. The
heavy dashed curve indicates the real topography. The geographic location of the cross
section is indicated in Figure 9b.
9b) and relatively stronger dust storms were turbance of small horizontal scale and that the
reported. The classification was based upon the linear model is sufficient at this basic level.
analysis of all 10 Sharav Cyclones that were The model levels are illustrated in Figure 13.
observed during spring 1986. The upper level, level 0, was chosen to be 400

4, The Model

4.1. The Model Equations

The two-level baroclinic model that was
originally suggested by Phillips [1954] to study
baroclinic instability is employed here, and the
effects of diabatic heating upon the basic state
are investigated. Our basic approach is to exam—
ine, as a first step, whether we can obtain from
the two-layer model at least a zero—order
approximation for the dynamics ©of the Sharav
Cyclone. This was based on the assumptions that
quasi-geostrophic dynamics can handle a dis-

mbar, while level 4 is at the 1000-mbar level.
The "omega™ vertical velocity in the isobaric
coordinate system was assumed to be zero at the
upper and lower levels. Actually, according to
the case study discussed in section 3, the 300- or
even 200-mbar surface might better fit the top
boundary condition of zero vertical velocity, but
even in that case, the drastic reduction in the
vertical velocities starts well below 400 mbar.
Also, in a recent analysis of a few additional
cross sections of Sharav Cyclones (e.g., March 22,
1986), the upward motion became close to zero near
the 400-mbar level.

The quasi-geostrophic vorticity equations at
levels 1 and 3 and the thermodynamic equations for
level 2 are
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ot 0w the thermal wind were estimated and introduced in
+ Y + = i = 1,3 (1
ot Y & 9 fo (55 1 * ! (1) the model. The justification for this procedure
3 (3 Ty a0 is investigated in section 4.2.
37(3— +}{2-V(3— +0‘(o2=(——7r) (2) Equations (1) and (2) are numerically
P/ 2 P /2 Cp 1 )2 . , .
formulated and then linearized over a basic state,
here which consists of a constant zonal flow U; and U,
wher
at levels 1 and 3, respectively. Next, we applied
£i vorticity at level i; the aforementioned boundary conditions for "omega"
T temperature; and inserted wave solutions for the perturbation
£ Coriolis parameter; quantities. The solution for the phase speed c is
s e . then found to be (see for example, Holton [19791)
£, constant Coriolis parameter; ple,
v, wind vector at level i, kxVy;; o - B(k? + A?) 4 508
A stream function at level i,¢,/f,; €=U TR0 + 2Ah)
v geopotential height.
20 where
o
°=-8% o
P 1
where Un =5 (00 + Us), A2 = f2/0Ap?
e is the potential temperature; 5 = Bzt _ 202 — k? 3)
o 1/p; kT (k2 +2A2 ) T 202 + Kk?
o] diabatic heating;
c, specific heat at constant pressure; Up = % (v, - ta), B = g%
® vertical p velocity, dp/dt.

The explicit contribution of the diabatic
heating Q was not incorporated in (2), but its
effects on the static stability parameter and on

where 6 is the static stability parameter, and
k=(2x) /L is the wave number. U, and U; are the
vertically averaged zonal wind and the basic state
thermal wind for the interval Ap/2, respectively.
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The real part of c¢ defines the phase speed of the
cyclone, while k(-8)%% is the growth rate, for § <
0. For positive §, solutions are stable.

Substituting for & into the growth rate
expression and differentiating with respect to k,
the wave with maximum growth rate k,,, is obtained,
as

K= yA? (4)

where y 1s the solution of the fifth-order
polynomial
Y +6yi+ay -8y —(12/c;)y-8/cy = 0 (5)
and where
c; = (@MU /By (6)

For a given thermal wind U,
6 (M=f2/cAp?), and B, (6)
the solution of (5)
the wave number k .

a static stability
determines c,. Hence
for this value of ¢, defines
x with the maximum growth rate.

The maximum growth rate Y, could be shown to be

1/2
B ~yt+vacly’ - 4
2A(2+y) y

(7)

Ymax =
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and the phase speed c,,, is

_ _ y+1)

For the neutrality curve one finds that ci =1,

for which y=2°'5 becomes the solution to (5),
leading, as expected, to a growth rate of =zero.
The critical vertical wind shear associated with
€, = 1 was shown to correspond well with the
observations of averaged horizontal temperature
gradients due to the baroclinic adjustment pro-—
cess, as suggested by Stone [1978]. But, in our
case, that is, subtropical latitudes in spring,
the baroclinic adjustment is not efficient [Stone,
1978]. Consequently, the maximum unstable modes
were calculated from the observed monthly aver-—
ages, yielding ¢, values which are smaller than 1.

4.2, Modification of the Basic State Due
to Diabatic Heating

The application of the two-level model
requires the calculation of temperature tendencies
at the 700-mbar level. The amount of the
radiative diabatic heating Q at this level is of
the order of 1 K d7%; see, for example, the esti-
mation by Ackerman and Cox ({1982, p. 9000] for
similar conditions in the Saudi-Arabian heat low.
In contrast, the horizontal temperature advection,
for instance, is estimated to be 1 order of mag-
nitude higher. Taking a typical horizontal temp-
erature gradient of 5 K per 500 km and a wind
speed of 10 m s™%, ~10 K
d! is obtained.

Although the radiative heating is relatively
small in a nondusty atmosphere, the diabatic
heating contribution by the large sensible heat
fluxes in the desert boundary layer cannot be
neglected. Ackerman and Cox [1982], for instance,
have estimated this contribution to be as high as
4.2 K d' in the 1000-
Saudi-Arabian desert.

In section 5 the climatological data from
Cairo, Egypt, will be employed to calculate the
mean velocity U,, the thermal wind U,, and the

static stability parameter. The values of £ and B
are for the latitude of 30°N. On the substitution
of these input values in (7) and (8), the speed
and maximum growth rate for the perturbation could
be calculated. However, the climatological data
consist of two very different stages of the North
African lower troposphere. The first is a pre-
cyclone phase, in which the boundary layer is
gradually heated by both advection and surface
heat flux. In the second stage the lower trop-
osphere cools appreciably, as shown in Figure 12.
In order to take into account the appropriate
precyclonic background as a basic state, the
contributions of diabatic heating to the thermal
wind U, and to the static stability parameter @
will be estimated.

4.2.1. Calculation of the sensible heat flux
contribution. In the following discussion the
source of the sensible heating 1s assumed to be
due solely to the absorption of solar radiation at
the surface. Let P(0) represent the atmospheric

a temperature tendency of

to 800-mbar layer over the
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transmissivity at the zenith angle 6, and A
represent the surface albedo; then the amount of
solar energy absorbed in a surface unit area per
second at latitude 0 at the date the Sun makes an
angle 8 and at the hour in which the Sun in-
clination is h, is [e.g., Liou, 19801}

I,B (1-A)cosO =

I,B (1-A) [sin¢ sind + cosd cosd cosp]

is the solar constant. The total daily

amount of available solar energy S at the surface
is then obtained by a diurnal integral of this
expression. The integral was performed assuming a
desert albedo of 0.3, following Rockwood and Cox
[1978]. The atmospheric transmissivity is based
on Braslau and Dave [1973], which included scat-
tering by H,0, CO,, and O; as well as an average
dust loading. The annual variation of the solar
flux received at the surface of the inland North
African coast following this estimation is illu-
strated in Figure 14.

where I,

375

250

Wm=2

125

1 1 ] 1 | | ]

56 7 8 9101112
MONTH

Fig. 14. The annual change of the solar flux
received at the surface of the North African
coast. Values are in watts per square meter.

0

L1
1 2 3 4

Although the net emission of infrared
radiation from the surface could be as large as
20-40% of the available solar energy S, the major

part of this energy, about 75% [Wallace and Hobbs,
1977, pP. 321], is absorbed in the lower
troposphere (by CO,, H,0, and dust particles). The

net emission of the IR radiation from the surface
is therefore assumed to be redistributed in the
lower troposphere. For simplification, this
contribution is assumed to be a fraction of the
sensible heat flux and distributed in the same
form. Also, as the flux into the ground is only
about 3% and the latent heat flux is close to zero
[see Ackerman and Cox 1982], the energy is
distributed exponentially by the dry convection,
with a scale height of h. The diabatic heating
due to the surface sensible heat flux at a given
altitude Z is therefore

Q(z) = S, exp(-z/h) (9)

thermal wind.

The Sharav Cyclone

is the diabatic heating at the surface.
Following Dods [1961], we have also assumed h =
3.75 km, and the sensitivity to this choice is
discussed later. The value of S, was obtained by

where S,

the requirement that the total sensible heating

through the atmosphere should equal S. This leads
to
1 1
Se = po Sh (B - E) (10)
where p, is the air density at the surface and H

is the atmospheric scale height (H = 8 km). The
amount of diabatic heating AT(Z) at the altitude 2
is then given by

AT(2) = c, S, exp(-Z/h) (11)
It should be mentioned that the diabatic heating
in the model was based on a diurnal calculation of
the sensible heat flux, since to the first order
of magnitude the typical time scale of the Sharav
Cyclone, as evidenced by observations, is 1 day
(see Table 1).

The value of h = 3.75 km agrees well with
evidence for deep dry convection over the desert.
Indications for that are the large amounts of
desert dust which reach altitudes of 4-5 km [see
Blake, 1983]. Charney [1975] has also assumed a
convection depth of 5 km over the Sahara through
the whole year. Values of diabatic heating AT(Z)
for April calculated from (11) are listed in Table
2 for different h values: 1.5, 2.5, and 3.75 km,
and at the mandatory pressure levels up to 500
mbar. The results indicate that for h = 2.5 km
the heating at 700 mbar was decreased by only 0.4
K. But a further decrease of h to 1.5 km would
have resulted in more significant changes.

TABLE 2. Diabatic Heating AT in April Due to
Sensible Heat Flux for Pressure Levels of

1000, 850, 700, and 500 mbar for
h=1.5 2.5, and 3.75 km
Pressure, mbar
h, km 1000 850 700 500
1.5 13.2 4.9 1.8 0.3
2.5 8.8 4.8 2.6 0.9
3.75 6.6 4.4 3.0 1.4

Values of AT are in degrees Kelvin per day.
Values were calculated from equation (11).

4,2,2. The static stability parameter and the
According to the definition of the
static stability o, the additional heating by
AT (Z) decreases O and increases A and therefore

increases the growth rate and the speed of the

cyclone (equation (8)). It should be mentioned
that the heating AT was divided by 2, since
typically, half of the cyclone is above the sea,

where AT is assumed to be zero. Oof course, it
would be more realistic to confine the heating to
the land half of the cyclone, but this is not
possible in the current model.
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The increase in the thermal wind is the result
of the additional heating AT(Z) only above land.

The additional thermal wind will be approximated
from

oT Ar
dy " Ay

where Ay is the north to south "mixing scale"
across the coast between the cool Mediterranean
air mass and the hot desert air (see Figure 15).
A mixing scale of 1000 km was assumed, following
Charney [19751. This wvalue is also in agreement

HEATING —

—
——SEA —z=—> 500 km =

—— NO DIABATIC

7 — MIXING |

. v . e . P
R SR

s &

7 DESERT. . / 500 km
T o =T e
RTINS .)-' { J

. SRR T
* - FULL DIABATIC  HEATING
Fig. 15. A schematic representation of the North

African coastline and the mixing zone.

with the horizontal scale of the Sharav Cyclone
(Table 1). The "mixing scale" was further
increased by the distance traveled in 1 day with a
speed v, where v is the north to south clim-
atological wind component at 850 mbar. This has
increased y from 1000 to 1250 km through the
period from June to September, when the average
northerly wind speed is 5 m s, Following the
thermal wind relation

du _ R 9T (12
dnp = T T Ty )
and the definition of U, as 1/2 (U, - U;) (see
equation (3)), one finds that
=124 R AT
AUr = Z o T, Ay (13)

For instance, in an average month of April, AT at
the 700-mbar level is 3 K;Ay = 10° km, Ap = 300

mbar, and p = 700 mbar have resulted in AU, ~ 2.5
m s!. Since the climatological wvalue for the
thermal wind at 700 mbar is 6.5 m sd, the

estimated increase due to the sensible heat flux
amounts to 38%. When this is added to the
climatological value, the growth rate increases by
about 45%.
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Table 3 summarizes the annual change of the
diabatic heating rates calculated from (11) at the
mandatory pressure levels up to 500 mbar and the
modifications induced in the static stability
parameter and the thermal wind U,. The full list
of Cairo’s climatological data employed in this
study is given in Table 5.

S. Results and Discussion

5.1. Growth Rates and Cyclogenesis

Figure 16 shows the annual change of the
maximum growth rate, (equation (7)), for
baroclinic disturbances over the Egyptian coast.

A-CLIMATOLOGY B-WITH HEARTING

1.1 —— 71

[ /‘\
A |
Lo/ _

GROWTH RATE{1/0AY)
n
T
u/uj
"
<
I

I
~

1 2 3 4 5 6 7 8 ] 0 11 12 13

MONTH
Fig. 16. The annual change of the maximum growth
rate (per day): curve A shows climatological data

over the North African coast from equation (7) and
Cairo’s data; curve B shows curve A modified with
diabatic heating. Horizontal line at 0.76 per day
represents critical value estimated from the Ekman
boundary layer pumping.

Curve B represents the growth rate values with the
effects of the diabatic heating incorporated,
while curve A 1is the model result when only
climatological data has been used. The annual
maximum for the cyclogenetic activity is during
spring (April-May) and the secondary maximum is in
winter (December). A third maximum is in October.
The unmodified e—-folding time for the maximum
growth rate in April is 1.75 days, and it drops to
1 day (i.e. higher growth rate) when the diabatic
heating is included. It is interesting to note
that the maximum growth rate in April is nearly
double that of winter for the North African coast.

During the winter period (November-February)
the diabatic heating rates at 700 mbar drop below
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TABLE 3.

The Sharav Cyclone

Annual Change of Diabatic Heating Rates AT at the Mandatory Pressure

Levels up to 500 mbar and the Modifications Induced in ¢ and U,

Month
1 2 3 4 6 7 8 9 10 11 12
Absorbed Energy, 260 310 400 480 530 540 540 510 440 350 280 240
cal em™? g7t
Diurnal diabatic
heating, K d7*
500 mbar 0.8 0.9 1.2 1.4 1.5 1.6 1.6 1.5 1.3 1.0 0.9 0.7
700 mbar 1.6 1.9 2.5 3.0 3.3 3.3 3.3 3.2 2.8 2.2 1.8 1.5
850 mbar 2.4 2.8 3.7 4.4 4.9 4.9 4.7 4.7 4.0 3.2 2.6 2.2
1000 mbar 3.6 4.3 5.5 6.6 7.3 7.3 7.3 7.0 6.1 4.8 3.8 3.3
Climatology 5.6 6.5 6.5 6.5 5.8 3.7 2.4 2.2 3.6 6.0 5.2 7.0
UTI m S-l
U, + AU, m s? 7.0 8 8.6 9.0 8.6 5.9 4.6 4.3 5.6 7.4 .6 8.3
Climatological o, 2.0 1.9 1.6 1.3 1.8 2 2.2 1.9 1.8 .1 2.2
(kg~? m? s?)
x 1078
Modified o, 1.8 1.6 1.6 1.3 1.0 1.5 1.9 1.9 1.6 1.6 1.9 2.0
(kg? m* s?)
x 107°
2 K d!, a value which comes close to the radiative curve A, identical to curve B of Figure 16, is
values of the diabatic heating that were ne- shown as well. The spring maximum is now
glected. Also, in this period the intensive remarkable. The summer values are the smallest,
winter cyclones frequently tend to destroy the and the secondary maximum is in October. This
local north to south temperature gradient. We result corresponds well with frequencies of
have therefore neglected the diabatic heating <cyclonic occurrences over the North African coast.

contribution in winter. Figure 17 presents curve
B, for which diabatic heating smaller than 2 K at
(at 700 mbar) was neglected. For comparison,
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Fig. 17. As in Figure 16, but curve A 1is with

heating through the year, while curve B is

modified. For explanation, see text.

However, the friction at the boundary layer and
the spindown effect draw energy from the
developing cyclone, which causes it to lose power
quickly, and these mechanisms were not considered.
The rate of the cyclone decay due to this effect

is estimated for a barotropic disturbance by (see,
for example, Holton, [1979])
Lo [fx/2(8. - Dey]*® (14)
Ta €
where K 1is the turbulent diffusivity, H, the
cyclone vertical scale, and De is the depth of the
boundary layer. On substitution of De = 1.5 km,
H = 6.5 km, £ = 7.3 x 107 s!, and K = 50 m? s},

T
one gets 0.76 per day, or a decay time T4 of 1.3
days. The relatively high value for K corresponds
to the vigorous heat and momentum fluxes at the
desert boundary layer, adopted as well by Charney
{1975]. The development of Sharav Cyclones
therefore needs growth rates which exceed some
critical value, as, for instance, 0.76. Figure 17
indicates that such is the case only from March to
May. But, since our estimation for 1, is crude
(e.g., the barotropic assumption in deriving 1,)
the secondary maximum in September-October, which
is below this critical wvalue, could still be
realized as an indication for the Sharav Cyclones
during the autumn, which occur only about once in

a month. In contrast, during April the average
number of Sharav Cyclones is 4-5 (see, for
example, Weather in the Mediterranean, [1962]).
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It should be emphasized that strictly
speaking, theoretical growth rates should be
compared to observed intensification rates.
However, the generation of the Sharav Cyclone is
primarily a consequence of a lee effect of the
Atlas Mountains and is not within the scope of the
present study. Here our concern is in the main-
tenance mechanisms of the cyclones on their long
track along the North African coast. Hence it was
assumed that the growth rates can represent the
capability of the baroclinic instability mechanism
to maintain and advance the Sharav Cyclone against
the dissipation mechanisms.

5.2. Physical Interpretation of Diabatic
Heating Contributions to the Sharav

Cyclone

Following our model assumptions, the Sharav
Cyclone extracts its energy from the baroclinicity
of the basic state. The diabatic heating acts
directly as an energy source, through the change
in the static stability, and, in addition,
enhances baroclinicity by increasing the thermal
wind of the basic state. Table 4 presents the
April growth rates with and without the
contribution due to the diabatic heating for
convection depths of h = 1.5, 2.5, and 3.75 km.

TABLE 4. April Growth Rates With and Without
Contributions by Diabatic Heating for
Convection Depths h = 1.5, 2.5,
and 3.75 km

Growth Rate, days
h=1.5 h=2.5 h=3.75
Climatology only 0.57 0.57 0.57
With diabatic heating
With 6 correction 0.74 0.70 0.67
only
U, correction only 0.72 0.80 0.83
Both ¢ and U, 0.92 0.96 0.98
corrections
The convection depth does not alter
significantly the increase of the growth rate when
diabatic heating effects are included. However,
there are significant changes in the relative
contribution of the two effects. As the con-
vection becomes shallower, the heating of the
700-mbar level decreases and the thermal wind
contribution decreases. But, the enhanced heating

at the lower level increases the instability and
its contribution through ¢. For realistic values
of the convection height (h = 2.5 and 3.75 km),
the baroclinic contribution is dominant.

5.3. Speed of the Sharav Cyclone
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Cohen et al. [1976] have suggested that the
Sharav Cyclone moves eastward with a speed which
is 70% of the wind at 500 mbar. The present model
relates its speed to U,, which is the average wind
intensity between 850 and 550 mbar.
is given by (8):

This relation

c=p - B +1

A yly +2)
The increase of instability (lower ©) increases
A2, resulting in a higher speed c. Hence the
diabatic heating contributes to increase the

Sharav Cyclone speed. The speed value in April is
7.9, while 70% of the 500-mbar speed is larger,
that is, 13.3 m s™!. The observed speed is above
10 m s‘ﬂ and the model therefore underestimates
the cyclone’s speed.

An interesting result is the fact that ¢ is
much larger in April, 7.9 m s as compared to June
(3.7 m s™') or October (2.7 m s™). This is in
agreement with observations and results mainly
from the large difference in the climatological
input speeds, but also from the larger stability
in June and October relative to April (see Table
5).

S.4. Cutoff Wavelengths

Up to this point, we have only considered the
growth rates and speeds for wavelengths with the
maximum growth rates. The growth rates as a
function of the wavelength for January through
October are described in Figure 18. The short
cutoff determines the minimum wavelength that
could become unstable. The shortest is obtained
in May. Also, the wavelength with maximum growth
rate in May is the shortest, that is, =~2600 km,
while in January it is the largest. The large
difference in the wavelength between April-May and
January might indicate the observed large dif-
ference in the horizontal scale between the Sharav
Cyclone and the winter cyclone (Table 1).

6. Summary

The two-level baroclinic model results based
on climatological input from North Africa lend
support to the supposition that the Sharav Cyclone
is basically the result of a classic baroclinic
instability. The synoptic baroclinicity repre-
sented by the average thermal wind at the North
African coast turned out to be insufficient in
explaining the high frequency of occurrence of the
Sharav Cyclone. However, when the low-level
baroclinicity due to the sea-land contrast was
added, a stronger spring maximum was obtained.
The model may explain some of the unique features
of the Sharav Cyclones at the North African coast:
(1) They develop primarily in spring and are less

frequent in October. (2) Their horizontal scale
is relatively small. (3) They move fast.
However, the speed in which the cyclone moves

eastward is in general even larger than that
obtained in the model. It could be explained by
the fact that the cyclone is often positioned in a
region where upper level velocities are higher
than the climatological averages employed as the
model input. The model seems to indicate that the
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TABLE 5.

The Sharav Cyclone

Monthly Climatological Data for Wind and Temperature of

Cairo Soundings That Served as Model Input

Month
1 2 3 4 5 6 7 8 9 10 11 12

Zonal wind speed,

m s?

Usoo 18.0 20.0 20.0 19.0 16.5 12.0 5.5 5.0 8.5 13.0 13.0 18.5

U, =

(%Usoo + %Umo) 15.7 17.6 17.6 17.0 14.6 10.4 4.8 4.3 7.3 11.1 10.9 16.1

U, = U 9.0 10.5 10.5 11.0 .0 5.5 2.5 2.0 3.5 5.5 4.5 .0

Uy = Ugso 4.5 4.5 4.5 4.0 .0 3.0 0 0 0 0.8 0.5 .0

Uy = %(Ul Us) 10.1 11.0 11.0 10.5 8.8 6.7 2.4 2.2 3.6 6.0 5.7 3.0

Up = %(Ul - Us3) 5.6 6.5 6.5 6.5 5.8 3.7 2.4 2.2 3.6 5.1 5.2 7.0
Temperature, °C

Ts00 -18 -17 -16 -14 -11 =7 -2 -3 -6 -11 -14 -15

T100 -2 0 +1 44 48 +11 +13 +12 +11 +7 +3 +1

Tgs0 +6 +8 +10 +14 +18 +19 +21 +20 +19 +16 +10 +8
Potential

temperature, K

©.00 311 313 314 316 319 324 330 329 326 320 316 315

.00 300 303 304 307 311 315 317 316 314 310 306 304

;50 292 295 296 301 306 306 308 307 307 303 296 294
Static stability

parameter O, 2.0 1.9 1.9 1.6 1.3 1.8 2.2 2.2 1.9 1.8 2.1 2.2

(kg2 m* s?)

x 10°

Data base supplied by the Government of Israel, for the years 1968-1978.

autumn Sharav Cyclones are much slower than those
in the spring. Another feature not explained by
the model is the nearly constant structure and
speed of the cyclone. It could be the result of
the quite wuniform basic state along the North
African coast, particularly due to the lower layer
baroclinicity, which supports both the unstable
environment and the counteracting dissipation
processes and therefore keeps the cyclone in a
quasi-steady situation.

It should be mentioned that sometimes Sharav
Cyclones become active and are then associated
with precipitation, thunderstorms, etc. These
mid-latitude-type cyclones are believed to be
associated with an intrusion of a strong polar jet
stream into the North African region and tend to
occur in early spring [see Tantawy, 1964]. In
order to explain the precipitating Sharav Cy-
clones, the model must be modified, primarily by
adding diabatic heating due to latent heat release
and by redefining the basic state, which differs
greatly from that given by the c¢limatological
data.

The Sharav Cyclone’s cross sections shown in
this study, for April 28-29, 1986, indicate,
however, that even nonprecipitating Sharav Cy-
clones are deep tropospheric circulations and that
indirect transverse circulations at the exit
region of the jet exists and may play an important
role that should be further investigated. The

center of these transverse circulations lowered
with time (from 550 to 700 mbar) and tended to
separate from the parent Genoa Cyclone.

In general, the Sharav Cyclone could be
treated on three different scales: (1) the larger
global scale introduced in the model by the clim-
atological data, which change from month to month;
(2) the regional mesoscale of the order of 1000 km
and 1 day, which is strongly modified by the
boundary layer forcing of the North African coast
and introduced in the model by the diabatic
heating; and (3) the smaller local scale (meso-
‘beta’) of the order of 100 km and 1 hour. 1In the
present study the smaller scale in which one has
also to deal, for example, with the frontal struc-
ture of the Sharav Cyclone, was not considered.

Currently, the model is modified to include
explicitly the effects of the boundary layer as
friction, in the form of an Ekman pumping and
diabatic heating. Moreover, the radiative heating
due to the absorption by the dust will be incor-
porated to better understand the effects of the
dust on the dynamical structure of the cyclone.
This is particularly important in the frequent
cases where the atmosphere is heavily laden with
dust.
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