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Abstract

The surface pressure, the 500 mb geopotential heights, and the 200 mb geo-
potential height patterns and anomalies that associate with and precede thun-
derstorms events in the central part of Saudi Arabia were investigated by ap-
~ plying composite techniques. Daily thunderstorms data for Riyadh, Saudi
Arabia and daily surface pressure data and 500 mb, 200 mb geopotential height
data for the area bounded by 10° N to 90° N and 90° W to 90° E were utilized.

The findings indicate that March and April thunderstorms events in the cen-
tral part of Saudi Arabia are not only due to a local effect but also come wiith
active synoptic system that can be observed in surface pressure as well as dif-
ferent upper levels. Three days before the thunderstorm event day, a merid-
ional pattern develops and dominates the area extending eastward from north
America to central Asia with pronounced wave pattern progresses eastward.
During the thunderstorm event day, western Saudi Arabia becomes under a
deep upper level trough putting the country under a cyclogenesis effect. Also,
during the thunderstorm event day, the Red Sea surface pressure becomes more
active and extends northward. The finding of this research indicates that the
combination of strong Red Sea surface low pressure and deep upper level
trough provide the needed ingredient for the development of thunderstorms in
the central part of Saudi Arabia. The Surface pressure causes moist southerly
wind providing the needed moisture and the upper level pattern provides the
lifting mechanism, cooling, and strong jet stream which intensify the in-.
stability, thus causing thunderstorms. The findings of this research suggest that
it is essential to carefully monitor the upper atmospheric patterns over the east-
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ern Atlantic Ocean, the western Mediterranean, and Europe to improve the
thunderstorms forecasts in the central part of Saudi Arabia.

KEY WORDS: Geopotential height Synoptic pattern Mediterranean trough
Red Sea low Anomalies Composite technique environmental-to-circulation.

Introduction

Studying the atmospheric patterns associated with a particular climatic and
meteorological phenomenon helps to understand the phenomenon and predict
it.There are numerous studies about the upper atmospheric patterns associated
with thunderstorms in many regions of the world, especially in the United
States and Europe where there is enough record of upper level data. However,
in places, such as Saudi Arabia, where there is a shortage of upper data there is
lack of studies that ihvestigate the effect of the upper atmospheric pattern on
the surface climate. The literature review reveals that most of the studies about
the climate of SaudiArabia concentrate on the spatial and temporal distribution
of climatological parameters, but do not tackle the atmospheric pattern cause
or associated with the studied climatological phenomenon. Also, there is short-
age of researches that investigate thunderstorms in the country, especially the
upper level mechanism associated with thunderstorms. The limited number of
studies about the relationship between Saudi Arabia surface climate and upper
level parameters such as those of Solot (1950), Takahashi (1981), and Has-
tenrath (1981) do not cover enough period of time and do not tackle the re-
lationship between thunderstorms in Saudi Arabia and the upper level synoptic
pattern. The shortage of study in this field is due to the lack of upper levels
data; however, after the issue of the National Meteorological Center CD-ROM
data set by the university of Washington and the National Center for At-
mospherié Research (NCAR) in Colorado, some needed research data became
available. This disc includes data that covers Northern Hemisphere including
Saudi Arabia. This allowed investigating the upper patterns associated with
surface climatological phenomenon in Saudi Arabia, (Alkolibi, 1995).

Though the study of Alkolibi, 1995, provided a new contribution to the
field by investigating the 700 mb geopotential height associated wiith pre-
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cipitation and temperature anomalies in Saudi Arabia, it is limited to one upper
level, namely 700 mb geopotential height. Therefore this study is a new con-
tribution that reveals the surface pressure, the ,506 mb geopotential height, and
200 mb geopotential height patterns and anomalies for the Saudi Arabia and
the surrounding regions during thunderstorms in the central part of Saudi Ara-
bia as well as during the third day before thunderstorm in that region.

The Research Problem and its Importance

Thunderstorms are important as a climatological phenomenon in the central
part of Saudi Arabia. They have impact on human life, natural syStem and the
socioeconomical sectors in the central part of Saudi Arabia. They bring most of
the rainfall for that region, especially in March and April, which are the raini-
est two months in the central part of Saudi Arabia. However, sometimes they
come with their negative impact that is represented by flashflood, hail, strong
wind which from time to time cause destructive effect to many aspects for that
region. For instance, on March 21, 1995 a severe thunderstorm that was as-
sociated with very heavy rainfall, large size hail, and strong downdraft wind at-
tacked Riyadh killing many people and causing severe damage to thousands of
vehicles and buildings. Is is well known that the local heating of the surface
and the availability of sufficient moist air at the surface are necessary to the de-
velopment of most thunderstorms (Oliver and Hidore, 1984). However, syn-
optic scale pattern and upper level pressure patterns play an important role in
the development of thunderstorms in some places (Wallace and Hobbs, 1977).
The literature review reveals that there is no research about thunderstorms in
Saudi Arabia that provides understanding of the upper level pressure synoptic
pattern associated with the development of thunderstorm in the central part of
Saudi Arabia. Hence, the main goal of this research is to provide more under-
standing of the surface and upper level synoptic pattern that might be associat-
ed with and precedes thunderstorm event im the central part of Saudi Arabia.
Also, the uniqueness of this study stems from other different points from which
the following points can be mentioned:
1 - It links the local thunderstorms in the central part.of Saudi Arabia to North-
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ern Hemisphere synoptic pattem utilizing unique grided upper level data.

2 - It investigates the surface and upper level anomaly patterns for the studied
area and the surrounding regions.

3 - It does not only cover the studied region, but also the surrounding region
which provides better understanding of the synoptic pattern and anomalies
associated with thunderstorms in the central part of Saudi Arabia.

4 - It helps to improve the three-day forecast for thunderstorms in the central
part of Saudi Arabia through studying the synoptic pattern three days be-
fore the thunderstorm event.

5 - It utilizes one of the Geographical Information System (GIS) programs that
enabled drawing accurate contour maps for a huge number of data giving
clear picture for the synoptic pattern and anomalies. Without utilizing this
technique, it would be very difficult to represent the data in maps with ac-
ceptable accuracy that gives the right shape and pattern for the synoptic pat-

tern and anomalies.
Research Data and Methodology

Research Data

Investigations of the precipitation record in the central part of Saudi Arabia
indicate that most of the precipitation is due to thunderstorms, especially in
March and April.

Therefore, this study-utilizes Riyadh's March and April precipitation data to
investigate the surface pressure and the 500 mb geopotential height patterns
and anomalies associated with thunderstorms in the central part of the country.
Riyadh was selected to represent the central part of Saudi Arabia because it has
sufficient record of surface data and because it is located in the central part of
the country. Daily thunderstorm data for Riyadh were obtained from the Me-
teorology and Environmental Protection Administration (MEPA) in Saudi Ara-
bia. Daily Surface pressure data, the 500 mb geopotential height data, and 200
mb geopotential height data utilized in this study were obtained from the US
National Meteorological Center (NMC) CD-ROM data set. The CD-ROM disc
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includes a selected subset of the NMC Northern Hemisphere octagonal grid
data (National Center for Atmospheric Research, 1990). The data in this disc
are for pressure, temperature, wind (U and V component), and height for dif-
ferent levels. The 12Z (12 GMT) observations were used in this study since the
investigations indicate that there were no significant differences between the
mean pattern of 00Z observations and 12Z observations. The NMC octagonal
grid in 1977 points appear as 47 by 51 grid points equally spaced when viewed
on a polar stereographic grid (Figure 1). In this research, the areal coverage
used during the analyses of the surface pressure and upper level geopotential
heights covers an area bounded by 10 N to 90 N and 90 W to 90 E. The goal of
this areal coverage is to investigate the surface and upper lével pressure pat-
terns and anomalies for Saudi Arabia as well as for the surrounding regions
during the occurrence of thunderstorms in the central part of Saudi Arabia.

Methodology

Composite technique was utilized to investigate the surface pressure, the
500 mb geopotential height, and 200 mb geopotential height patterns and
anomalies during thunderstorm event as well as during the third day preceding
thunderstorms event in Riyadh. There are numerous studies, such as those of
Harrington and Harman (1985), Achton and Horn (1986), Yarnal and Diaz
(1986), Winkler (1988), and Meischner et al (1997) that have employed com-
posites techniques in meteorological and .climatological studies. Composite
technique is the selection of data, which represent number of events which sat-
isfies an important criterion, then average them in on map (Yearnal, 1993).
This means that the map presented exhibits the pattern during specified events.
In the analyses of this study, the upper data were classified by surface environ-
ment-based criteria. In this approach, the criteria for separating the synoptic
classes were based on the environmental variables. The surface environmental
criterion used in this study is the thunderstorm event in Riyadh, which repre-
sents the central part of Saudi Arabia. This approach is called environmental-
to-circultion classification (Yarnal, 1993). The purpose of applaying this study
is to investigate the pattern and anomalies of the surface pressure and 500 mb
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and 200 mb geopotential height associated with thunderstorms in the central

part of Saudi Arabia.

This study covers only two months, Mrach and April. This decision is
based on the fact that thounderstorms and associated rainfall are more fre-
quent in these two months in the central part of Suadi Arabia (Figure 2). Be-
cause the data temporal coverage in the available NMC CD-Rom disc extends
only up to 1989, the period covered in this research is between 1972 and
1989. However, investigation of the data indicates that this period of time
contains enough thunderstorm events. The methodology of this research can
be summarized in the following points:

First, the averages of the surface pressure, the 500 mb geopotential height,
and 200 mb geopotential height for March and April for the covered area were
extracted from the NMC CD-Rom disc and mapped to represent the normal
patterns for the studied period, 1972 to 1989.

The technique used to extract the maps from the CD-ROM disc and draw
the maps is as follows:

A - Base map was created to cover exactly the studied area, which is bounded
by 10° N to 90° N and-90° W to 90° E.

B - A FORTRAN program was written to extract the needed data from a huge
number of different data in the CR-ROM disc.

-C - The extracted data were then transferred to SURFER, one of the GIS pro-
grams, to be gridded, blanked, contoured, smoothed, and mapped as con-
tour lines over the base map for the studied area. Gridding means putting
the composted value exactly in the same longitude and latitude point that
represents the geographical location of the composted value.

Blanking means blanking the contour lines that extend outside the borders of

the base map for the covered area. Contouring means connecting the grid

points that have the same composted values based on selected intervals.

Smoothing is making the contour lines appear as smooth lines as much as pos-

sible without affecting the accuracy of the representation of the contour lines.

Second, the days for the strongest seven thunderstorms in record for March
and April for the covered period were defined (Table 1). The rainfall quantity
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associated with the thounderstorm was used as a measure of the strength of the
thounderstorm. Afterward, the surface pressure, the 500 mb geopotential
height, and 200 mb geopotential height patterns for these days were extracted
from the NMC CD-ROM disc, composted, and mapped using the same GIS
technique mentioned in the previous section. The purpose of this step was to
examine the surface pressure, the upper level geopotential height patterns over
Saudi Arabia.

Third, the surface pressure and upper level geopotential heights during the
third day prior to the thunderstorm day were also investigated. This was done
to determine if there were any well-defined surface pressures and 500 mb and
200 mb geopotential heights preceding the thunderstorm days. The existence of
such patterns can be a reliable basis for thunderstorm forecasts for the central
part of Saudi Arabia.

Fourth, the surface pressures, the 500 mb geopotential height, and 200 mb
geopotential height anomalies during thunderstorm days were calculated and
mapped. This was done by subtracting the values of the normal pattern from
the composite pattern.

In the 500 mb and 200 mb geopotential height pattern maps, the 5810 geo-
potential meter and 12220 geopotential meter height contours were chosen as
reference lines to show the southward advance or the northward retreat of the
500 mb geopotential height and 200 mb geopotential height contours as well as
the associated trough and ridge systems.

All the above steps are essential to explain the nature of the existing sys-
tematic patterns and anomalies for the covered area, such as wave patterns and
strong ridge-trough patterns, during thunderstorm days in the central part of the
country and the third day prior to the thunderstorm event.
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Table (1). The dates of occurrence for the studied thunderstorms
and the quantity of the precipitation for each thunderstorm event.

Month
March April
Thunder- | Date of PQI::;l:iitt:ﬁon Thunder-| Date of l(;:e:lizii:;ﬁon
storm Occurrence (mm) storm Occurrence )
1 3-22-1972 52 1 4-08-1971 57
2 3-29-1975 32 2, 4-24-1972 29
3 3-20-1976 23 3 4-12-1975 15
4 3-26-1982 17 4 4-04-1976 37
5 3-20-1984 22 5 4-03-1983 13
6 3-05-1986 17 6 4-25-1986 30
7 3-28-1989 29 7 4-24-1988 14
Results

Surface Pressure Pattern and Anomalies

The main feature of March normal surface pressure pattern for the studied
period (Figure 3A) is the existence of three centers of surface pressure systems.
These centers are the Icelandic low pressure, the subtropical Azores high pres-
sure and the Siberian high pressure. The normal surface pressures for the desert
region extending from North Africa to Saudi Arabia is characterized by below
1013 mb weak pressure gradient. Apparent intensification of the lcelandic low-
pressure system and development of more meridional patterns characterize the
pattern during the third day before thunderstorm day (Figure 3B) over North
Africa and Arabian peninsula. During the thunderstorm days (Figure 3C), the

meridional pattern deepens which causes the Ilcelandic low to extend south-
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westward creating an obvious low pressure center over northeastern North
America. Over Saudi Arabia, the surface pressure became much. lower than the
normal pattern with intensification and expansion northward of the Red Sea
surface low pressure. With respect to the surface pressure anomaly patterns
during thunderstorm day in Riyadh in March (Figure 3D), there is obvious
domination of negative anomalies. The strongest centers of negative anomalies
are-in the Icelandic low area and Northwestern Africa. Saudi Arabia has a cen-
ter of negative anomaly but not as strong.

For April (Figure 4A to 4D), the normal pattern indicates that the icelandic
low pressure system mentioned in March pattern is much weaker with another
high pressure system developed over northern Greenland and Canada. How-
ever, the Azure high pressure intensified. The pressure gradient over North Af-
rica and the Arabian Peninsula is stronger than that of March with lower pres-
sure values. During the third day before thunderstorm day, the pressurre
systems started to take meridional formation. During the thunderstorm day the
meridional pattern intensified showing standing waves extending from the At-
lantic Ocean to Arabian peninsula causing strengthening and northern advance-
ment of the Red Sea surface pressure system. This causes the develo?ment of
surface trough just west of the country. However, the surface high pressures
over central Asia weaken. The anomaly pattern for April is similar to that of

March but the anomaly values are much lower.

500 mb Geopotential Height Pattern and Anomaly

There is similarity between the normal pattern of March and April (Figure
5A and 6A), but the height gradient in April is weaker. Also, there is similarity
between the composite patterns of March and April (Figure 5B, 5C, 6B and
6C). The 500 mb geopotential heights during the third day before thunderstorm
in both months show the development of a wave pattern over.the Atlantic and
northwestern Afrian. During the thunderstorm day the wave pattern strent-
ghened and extended eastward with series of trough-ridge pattern extending to
Saudi Arabia. These trough-ridge series are troughs over mid-Atlantic Ocean,
northwestern Africa, and over the Red Sea just west of Saudi Arabia and the

185




ridges are over eastern Atlantic and central north Africa. This wave pattern
puts Saudi Arabia under cyclogensis effect. Meteorologically, area of cyclo-
genesis in charachterized by convergence at surface and divergence in the
upper levels that enhance the instability.

March 500 mb geopotential height anomaly patterns during thunderstorm
day (Figure SD were characterized by strong centers of positive and negative
anomalies. The locations of these centers correspond to the location of the
trough-ridge that appeared in the 500 mb geopotential height pattern during
thunderstorm day. North Atlantic ocean, northwestern Africa, and the eastern
Mediterranean are dominated by strong negative anomaly, but there is a tongue
of pronouncéd positive anomalies extending northward from the central part of
north Africa to the central part of the Mediterranean and Europe. The pattern
reflects the strength of the two troughs over Northwestern Africa and the Red
Sea and the ridge between the two troughs. Northeastern of North America has
strong center of positive anomaly. In April, the 500 mb geopotential height
anomalies pattern during thunderstorm day (Figure 6D) over the area extending
from Northwestern Africa to the Mediterranean and the Arabian Peninsula is
almost similar to that of March. However, the pattern over the rest of the cov-
ered area is different. In contrast to March anomaly pattern, central Atlantic
Ocean has pronounced center of positive anomalies and eastern North America
has center of negative anomalies. The center of positive anomaly over central
Atlantic Ocean extends northeastern to connect with the positive anomalies
over central and eastern Europe.

200 mb Pattern and Anomaly

‘As expected, the 200 mb geopotential height anomaly pattern for the stud-
ied period exhibits pronounced zonal pattern in both March and April (Figure
7A and Figure 8A). However, the pattern over central and Eastern Europe
shows an upper trough with weak height gradient. During the third day before
thunderstorm (Figure 7B and 8B), the height gradient starts to take more me-
ridional pattern. This meridional pattern is more obvious during the storm day
in both months (Figure 7C and 8C). This is represented by trough-ridge forma-
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tion almost similar to that observed in the 500 mb geopotential height pattern.
The pressure gradient over Saudi Arabia during the thunderstorm day in March
and April is tighter than the normal pattern. This is indicative of stronger jet
stream velocity. High jet stream velocity enhances the uplifiting, and con-
sequently increases instability. However, the anomaly of wind velocity in the
200 mb height need to be investigated to determine the strength of the jet
stream over the studied area during thunderstorms in the central part of Saudi
Arabia.

Similarly, the 200 mb geopotential height anomaly pattern for the covered
area during the thunderstorm day in Riyadh for March and April (Figure 7D
and 8D) coincides with that of 500 mb geopotential height. This is indicative
of the strength of the upper pattern during thunderstorm days in the central part
of Saudi Arabia, which clearly extends vertically to upper levels.

Conclusion

This research has revealed many important findings about surface pressure,
500 mb, and 200 mb geopotential height patterns and anomalies associated
with thunderstorm events in the central part of Saudi Arabia and during the
third day before.

The surface pressure pattern for the studied area during thunderstorm day in
the central part of the Saudi Arabia is characterized by obvious intensification
of the icelandic low pressure system and development of more meridional pat-
terns over north Africa and Arabian Peninsula. This is associated with in-
tensification and extension northward of the Red Sea surface low pressure. The
surface pattern emphasizes the role of the Red-Sea surface low pressure in the
development of thunderstorms in this part of Saudi Arabia. The northward ad-
vancement of the intensified Red-Sea low pressure is associated wih southerly
wind that provides the needed moisture to the development of thunderstorms in
the central part of Saudi Arabia.

The 500 mb and 200 mb geopotential heights patterns and anomalies during
thunderstorm in Riyadh and during the third day before reveal important find-
ings. When pronounced upper level trough development over Northwestern Af-
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rica with pronounced ridge develops over the central and western Med-
iterranean, there could be upper level trough just west of Saudi Arabia. When
the trough is located just west of Saudi Arabia, putting most of the country un-
der an area of cyclonic activity, the central part of Saudi Arabia experiences
thunderstorm. Also, the development of thunderstorm over the central part of
Saudi Arabia is associated with the development of ridge over western Atlantic
Ocean and eastern North America. This indicates that thunderstorms develop-
ment over the central part of Saudi Arabia is preceded by the progression of
trough-ridge pattern from western Mediterranean to the Arabian Peninsula. The
progression of the Mediterranean trough is caused by the circulation pattern
over the eastern Atlantic and Western Europe (Alkolibi, 1995). When the Med-
iterranean trough reaches estern Mediterranean region, it then becomes aligned
with the trough over Europe and the Red Sea trough creating a deep long wave
trough extending to Saudi Arabia. These findings support the result of previous
research that concluded that the 700 mb geopotential height patterns and anom-
alies during precipitation in Saudi Arabia and during the third day before are
characterized by the progression of the Mediterranean trough from central
north Africa to the Arabian peninsula (Alkolibi, 1995).

The 500 mb and 200 mb geopotential height anomalies for the covered area
during March and April thunderstorms in the central part of Saudi Arabia have
well defind patterns. When the area extending from western Atlantic Ocean to
the Arabian Peninsula is dominated by negative (below normal) 500 and 200
geopotential height anomalies, thunderstorms develop in the central part of
Saudi Arabia. Kerr, 1988, found that cold events (La Nina events) are char-
acterized by below normal surface temperatures and below normal geopotential
heights in the Northern Hemisphere. This suggests that March and April thun-
derstorm in the central part of Saudi Arabia may be related to cold events.

It is obvious from the finding of this research that thunderstorm event in the
central part of Saudi Arabia is not only due to a local thermodynamic effect but
also comes with active synoptic system that can be observed in Surface pres-
sure as well as different upper levels.

This synoptic pattern occurs when meridional pattern dominates the area

188




Journal of the Gulf and Arabian Peninsula Studies -- No. 96

extending eastward from North America to central Asia with pronounced wave
pattern progressing eastward. During the thunderstorm event day, a deep
trough becomes located just west of the country. The combination of strong
Red Sea surface low pressure and this upper level trough provides the needed
ingredient for the development of thunderstorms in the central part of Saudi
Arabia. The surface pressure causes moist southerly wind providing the needed
moisture and the upper level pattern provides the lifting mechanism, upper lev-
el cooling, and strong jet stream which are the needed factors to intensify the
instability. Nevertheless, thermodynamic effect can not be ignored in such re-
gion during these two months, but need to be investigated.

Based on the findings of this research it is essential to carefully monitor the
upper atmospheric patterns over the eastern Atlantic Ocean, the western Med-
iterranean, and Europe to improve the thunderstorms forecasts in the central
part of Saudi Arabia. Also, it is important to investigate the relationship be-
tween the climate of Saudi Arabia and other indices that are important to these
regions, such as the North Atlantic Oscillation Index (NAOI). The findings of
this research provide a better understanding of the effect of the upper at-
mospheric pressure and circulation on the climate of Saudi Arabia. Also it pro-
vides better understanding of the synoptic pattern responsible for thun-
derstorms occurrence in the central part of the country.
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Figure 1. NMC 47x51 octagonal grid and the location of the surface sta-
tion (Riyadh). The shaded area represents the grid points covered in this
study.
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Figure 3.A. March average (normal) surface pressure from 1972 to 1989
for Saudi Arabia and the surrounding regions. The dashed contours repre-
sent presuure values below 1014 mb.

Figure 3.B. March surface pressure composite for Saudi Arabia and the
surrounding regions during the third day before the thunderstorm event in
the central part of Saudi Arabia. The dashed contours represent pressure
values below 1014 mb.
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Figure 3.C. As in Figure 3.B, but during the thunderstorm event in the
central part of Saudi Arabia. .

Figure 3.D. March anomaly chart for surface pressure pattern during
thunderstorm event in the central part of Saudi Arabia obtained by sub-
tracting the normal pattern values from those during thunderstorm event
in the central part of Saudi Arabia. Negative anomalies are shown by
dashed contours, positive anomalies are shown by solid contours, the con-
tours are at a 2 mb interval.
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Figure 4.A. April average (normal) surface pressure from 1972 to 1989
for Saudi Arabia and the surrounding regions. The dashed contours repre-
sent pressure values below 1014 mb.

Figure 4.B. April surface pressure composite for Saudi Arabia and the
surrounding regions for the third day before the thunderstorm event in the
central part of Saudi Arabia. The dashed contours represent pressure val-
ues below 1014 mb.
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Figure 4.C. As in Figure 4B, but during the thunderstorm event in the
central part of Saudi Arabia. The dashed contours represent pressure val-
ues below 1014 mb.

Figure 4.D. April anomaly chart for surface pressure pattern during thun-
derstorm event in the central part of Saudi Arabia obtained by subtracting
the normal pattern values from those during thunderstorm event in the
central part of Saudi Arabia. Negative anomalies are shown by dashed
contours, positive anomalies are shown by solid contours, the contours
are at a 2 mb interval.
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Figure 5.A. March average (normal) 500 mb geopotential height from
1972 to 1989 for Saudi Arabia and the surrounding regions. The contours
are at 60g pm and the bold solid contour represents the reference contour
line.

Figure 5.B. March 500 mb geopotential height composite pattern for
Saudi Arabia and the surrounding regions for the third day before the
thunderstorm event in the central part of Saudi Arabia. The contours are
at 60g pm and the bold solid contour represents the reference contour
line.
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Figure 5.C. As in Figure 5B, but during the thunderstorm event in the
central part of Saudi Arabia. The contours are at 60g pm.
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Figure 5.D. March 500 mb geopotential height anomaly pattern during
thunderstorm event in the central part of Saudi Arabia obtained by sub-
tracting the normal pattern values from those during thunderstorm event
in the central part of Saudi Arabia. Anomalies <0g pm are shown by
dashed contours, anomalies >0g pm are shown by solid contours, the con-
tours are at a 20g pm interval.
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Figure 6.A. April average (normal) 500 mb geopotential height from
1972 to 1989 for Saudi Arabia and the surrounding regions. The contours
are at-60g pm and the bold solid contour represents the reference contour
line. '

Figure 6.B. April 500 mb geopotential height composite for Saudi Arabia
and the surrounding regions for the third day before the thunderstorm
event in the central part of Saudi Arabia. The contours are at 60g pm and
the bold solid contour represents the reference contour line.
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Figure 6.C. As in Figure 6B, but during the thunderstorm event in the

central part of Saudi Arabia. The contours are at 60g pm.
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Figure 6.D. April 500 mb geopotential height anomaly pattern during
thunderstorm event in the central part of Saudi Arabia obtained by sub-
tracting the normal pattern values from those during thunderstorm event
in the central part of Saudi Arabia. Anomalies <Og pm are shown by
dashed contours, anomalies >0g pm are shown by solid sontours, the con-

tours are at a 20g pm interval.
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Figure 7.A. March average (normal) 200 mb geopotential height from
1972 to 1989 for Saudi Arabia and the surrounding regions. The contours
are at 80g pm and the bold solid contour represents the reference contour
line.

Figure 7.B. March 200 mb geopotential height composite pattern for
Saudi Arabia and the surrounding regions for the third day before the
thunderstorm event in the central part of Saudi Arabia. The contours are
at 80g pm and the bold solid contour represents the reference contour
line. ’
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Figure 7.C. As in Figure 7B, but during the thunderstorm event in the
central part of Saudi Arabia. The contours are at 80g pm.
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Figure 7.D. March 200 mb. geopotential height anomaly pattern during
thunderstorm event in the central part of Saudi Arabia obtained by sub-
tracting the normal pattern values from those during thunderstorm event
in the central part of Saudi Arabia. Anomalies <Og pm are shown by
dashed contours. anomalies >0g pm are shown by solid contours, the con-
tours are at a 20g pm interval.
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Figure 8.A. April average (normal) 200 mb geopotential height from
1972 to 1989 for Saudi Arabia and the surrounding regions. The contours
are at 80g pm and the bold solid contour represents the reference contour

line.

Figure 8.B. April 200 mb geopotential height composite pattern for Sau-
di Arabia and the surrounding regions for the third day before the thun-
derstorm event in the central part of Saudi Arabia. The contours are at
80g pm and the bold solid contour represents the reference contour line.
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Figure 8.C. As in Figure 8B, but during the thunderstorm event in the
central part of Saudi Arabia. The contours are at 80g pm.

Figure 8.D. April 200 mb geopotential height anomaly pattern during
thunderstorm event in the central part of Saudi Arabia obtained by sub-
tracting the normal pattern values from those during thunderstorm event
in the central part of Saudi Arabia. Anomalies <Og pm are shown by
dashed contours, anomalies >0g pm are shown by solid contours, the con-
tours are at a 20g pm interval.
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