Forecasting Techniques for Seedable Storms over the Western Hajar Mountains in
the Sultanate of Oman

Hamid Ahmed Sulaiman Al-Brashdi
21126519

Master of Science (Meteorology)
2007

Department of Geography, Geoinformatics and Meteorology
UNIVERSITY OF PRETORIA



DECLARATION
| declare that the thesis that | hereby submit for the degree in Master of Science (Meteorology) at the

University of Pretoria has not previously been submitted by me for degree purposes at any other university.



ABSTRACT
Forecasting Techniques for Seedable Storms over the Western Hajar Mountains in the Sultanate of Oman
Hamid Ahmed Sulaiman Al-Brashdi

Supervisor; Ms. Liesl Dyson

Faculty; Natural and Agricultural Sciences
Department: Geography, Geoinformatics and Meteorology
University: Pretoria

Degree: Master in Science (Meteorology)

Oman faces a water resources crisis as the demand of fresh water increases day by day. Most of the renewable
water resources in the country are directly or indirectly dependent on the rainfall. The Western Hajar Mountains extend to
the borders with the UAE. This area is a very important source of ground water for both countries. A collaborative program
to investigate the feasibility of rainfall enhancement over the Omani mountains by means of hygroscopic cloud seeding was
implemented in the UAE during the summer of 2003 and 2004. Due to the complicated logistics and astronomical cost
involved in the cloud seeding experiment, it is crucial that timely and accurate forecasts are made for these mesoscale
storms. However, convective clouds of the Al Hajar Mountains are notoriously difficult to predict as they result from
mesoscale circulation.

This study developed forecasting techniques for seedable storms over the Western Hajar Mountains in the
Sultanate of Oman. A period of 10 days (5"-14t% of July 2004) was investigated in order to describe the differences in the
atmospheric parameters between days when convection occurred and days which remained dry. The main ingredient for
convective development is the influx of surface moisture from southeast over the Arabian Sea. This moisture often results
from the circulation around the surface low over the central part of the Arabian Peninsula but may occasionally be caused by
the sea breeze circulation. The northeasterly sea breeze moves in from the Gulf of Oman to the mountains where it
converges with the southeasterly moist flow and this may result in the occurrence of convective clouds. Localized wind
convergence zones near the mountains are good indicators of the onset of convection. The Oman Convection Index (OCI)
was developed to replace the K-index (KI) and was found to provide a good indication of convective development over the
mountains. A forecasting decision tree table for predicting convective storms over the Al Hajar Mountains is proposed where
circulation criteria are stipulated as well as critical values for meteorological variables. The ingredients includes the location
of the heat low over the centre of Arabian Peninsula, latent instability of the atmosphere, and critical values of mixing ratio
and the OCI.

This research results have shown that careful investigation and manipulation of the available data allow for
increased accuracy in the forecast of convection. The OCI was developed to describe the conditions favorable for summer
convection over the mountains of Oman specifically. The results show that the OCI fairs considerably better than the Kl in
identifying days when significant convection is likely to occur. However, the OCI is only one element of the forecasting
techniques table. For truly significant convection to occur there are at least four other circulation criteria which should be
satisfied. The forecasting decision tree table provides a systematic approach to the forecasting of convection of the
mountains and therefore, for the first time in Oman, objective verification is possible and opens the door for improving these
and other forecasting techniques. The techniques developed here may therefore contribute to future cloud seeding projects
in the mountains of Oman.
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Chapter 1 Introduction

1.1 Geography and climate of Oman

The Sultanate of Oman lies on the extreme southeastern edge of the Arabian Peninsula and is located
between latitudes 169 40 and 26° 20 North and longitudes 51° 50 and 59940 East. The Republic of Yemen is
its southwestern neighbor, the Kingdom of Saudi Arabia (KSA) lies to the west, while the United Arab Emirates
(UAE) lies to the northwest (Fig. 1-1). It extends along the extreme east of the Arabian Gulf, the west of the Gulf
of Oman and Arabian Sea, with a coastline of about 3165 km (National Survey Authority, 2007) with several
islands from the Strait of Hormuz in the north to the border of Yemen in the south. The total land area is
approximately 309,500 km? and it is the third largest country in the Arabian Peninsula. The Sultanate is divided
into four governorates (Muhafadhat) - Muscat, Dhofar, Musandam and Al Buraimy and five administrative regions:
A'Dakhliyah; A'Dhahira; Al Batinah; Al Wusta and A'Shargiya (Fig. 1-1). Each of these is subdivided into smaller

districts called wilayats, which are governed by the Wali, the person responsible for the area and who reports to

the Ministry of Interior.

Figure 1-1:
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A regional map showing the position of Oman in the Arabian Peninsula. The map indicating
the four governorates and the five administrative regions of Oman (red). (Adapted from:

Network Overses, 2007).



The topography of the Sultanate has a wide variation between the coastal areas (plains), mountain
ranges, wadis (valleys) and deserts (Fig. 1-2). The Al Hajar (the Rocky) Mountains are a huge range of rocky
mountains in an arc extending about 700 km southwards from the extreme north of the Sultanate (Musandam),
curving eastwards towards the coast bordering the Arabian sea south of Sur (Ras Al Hadd). The highest peak, at
about 3,075 m, is Jabal Shams (mountain of the sun) which lies in Al Jabal Al Akhdar (the Green Mountain) at the
heart of the Al Hajar range. Around 82% of Oman consists of desert. Most conurbations arise on the coast. Like
most of the Arabian Peninsula, Oman is characterized by an arid and semi-arid climate. The long coastline of

Oman together with the high mountains causes significant rainfall over some elevated areas.
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Figure 1-2: The topography of Oman. (Adapted from: Wikimedia, 2007).

Oman experiences two broad seasons (DGCAM, 1996). The summer extends from May to September
and the winter from November to February. The change over season occurs during the months March, April and
October.



1.2 The rainfall climatology over Oman

The variety of the topography along with the vast extent of the country provide different types of
precipitation and make it vary both spatially and temporally. In general, there are four synoptic scale weather
systems causing rainfall over Oman. The first one is the passage of the troughs originating in the North Atlantic
and the Mediterranean Sea during the winter season. The second is the local development of thunderstorms
over the Al Hajar Mountains over northern Oman during the summer. Thirdly, there is the monsoon (locally
known as Khareef) from June to September over Salalah and its adjoining mountains. Finally, tropical
cyclones/storms and easterly waves. Tropical cyclones/storms move in from the Arabian Sea during May/June
and/or October/November (Bruintjes & Yates, 2003). Easterly disturbances move in from the Arabian Sea and
Gulf of Oman and the oscillation of the Inter-Tropical Convergence Zone (ITCZ) between land and sea during the
summer may also bring wet weather to the country. The rainfall data over the Sultanate are available with
varying record lengths collected from the DGCAM meteorological stations network. Table 1-1 represent the long

term monthly average and the annual mean rainfall of some of these stations.

Table 1-1: Long term monthly average and the annual mean rainfall (mm) of Oman meteorological stations.
STATION
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KHASAB 50.0 | 46.7 | 410 9.3 0.8 0.0 0.7 2.5 0.0 11 7.0 428 | 192.0 | 1947
DIBA 0.0 0.2 8.1 0.0 0.0 0.9 0.0 0.0 0.0 0.3 10.7 0.8 21.2 | 2000
BURAIMI 7.6 225 | 169 6.0 2.2 1.0 11.7 2.9 3.0 0.3 0.0 9.6 77.3 | 1977
SOHAR 146 | 354 | 195 6.4 11 0.0 2.0 0.3 0.3 6.2 4.6 17.2 | 108.5 | 1980
SAIQ 203 | 403 | 519 | 342 | 273 | 155 | 492 | 553 | 263 12 6.6 10.0 | 349.1 | 1979
SEEB 130 | 176 | 155 9.9 2.5 0.5 2.7 1.4 0.0 0.7 4.7 11.1 | 795 | 1975
NIZWA 8.6 9.6 23.8 5.0 6.7 12 12.7 8.2 0.8 4.6 0.9 46 | 855 | 1989
FAHUD 0.6 5.2 4.8 4.8 0.0 0.0 0.9 2.1 0.3 0.3 0.0 0.5 17.8 | 1985
BAHLA 117 6.7 4.4 116 | 117 7.2 8.1 134 5.8 6.8 18 0.3 71.6 | 1998
IBRA 0.8 9.0 5.2 35 1.2 2.6 10.6 8.5 38 1.0 6.0 00 | 50.2 | 1998
SUR 135 | 218 | 154 8.9 15 4.0 2.7 2.4 0.0 17 71 93 | 87.1 | 1977
MASIRAH 5.0 7.9 106 | 101 1.0 12.6 4.2 2.2 0.1 13 2.6 5.4 62.9 | 1956
QARN ALAM 0.0 0.0 0.0 31 0.0 00 |00 0.0 0.0 0.0 0.7 0.0 3.8 | 2000
THUMRAIT 0.3 3.6 8.2 10.1 1.0 5.7 0.1 2.8 0.0 0.9 0.0 04 | 33.1 | 1980
QAIROON 0.5 17 111 5.2 16.3 | 26.7 | 85 | 61.1 | 139 0.3 0.8 6.8 | 214.3 | 1984
HAIRITI
SALALAH 12 3.2 5.0 10.2 | 10.6 7.9 258 | 26.1 3.6 5.8 4.5 38 | 107.7 | 1943

Source: DGCAM, 2002




Considering the long-term monthly average rainfall (Table 1-1), the northern stations (Khasab & Diba)
and the coastal stations in the Gulf of Oman (Sohar, Seeb & Sur) received their highest rainfall during November
to March. For example, the highest long term average monthly rainfall for Khasab is 50 mm in January, for Sohar
itis 35.4 mm in February and for Seeb is 17.6 mm in February. It is clear that they receive maximum precipitation
in winter as they are the first stations influenced by the passage of the winter troughs. The Al Hajar Mountains
and adjoining areas (Saiq & Bahla) record their maximum rainfall during the summer due to the local
thunderstorms. The highest long term average monthly rainfall for Saiq is 55.3 mm in August, for Bahla it is 13.4
mm in August. The southern stations affected by the summer monsoon like Salalah (26.1 mm in August) and

Qairoon Hairiti (86.5 mm in July) show their precipitation maximum during the summer.

In general, the annual mean rainfall reaches a maximum over Al Hajar Mountains (about 350 mm at

Saig) and the minimum rainfall occurs over the desert (about 4 mm in Qarn Alam).

1.3 Synoptic weather systems over Oman

1.3.1 Low pressure systems/upper troughs during winter over Oman

During the northern hemisphere winter a strong zonal flow exists over North Africa and the
Mediterranean as a result of upper troughs or westerly depressions. Perturbations in this zonal flow lead to a
succession of sinusoidal troughs and ridges steadily advancing from west to east, and the appearance of a low-

pressure system at the surface is evidence of a trough in the upper troposphere (DGCAM, 1996).

Usually, low-pressure systems/troughs can be detected on upper-air charts at the 500 hPa level and
occasionally deepening up to the 200 hPa level. They are usually more frequent during the months of December
to February. When these troughs continue to occur during March, convective development often results over the
northern mountains of Oman. On average four to five troughs occur per month during the winter period, although

there is a marked variation from year to year (DGCAM, 1996).

Widespread dynamical induced rain may occur when a sharp trough exists over Oman extending to as
far south as Yemen. At this time, a considerable amount of moisture is advected over the southeastern coast
from the Arabian Sea and significant uplift occurs through forced ascent over the Al Hajar Mountains. Deep
convection and thunderstorms with occasional heavy showers and sometimes accompanied by hail may develop
if the atmosphere becomes potentially unstable. On some occasions, the low-pressure systems/troughs remain

stationary over the country causing clouds and rain for several days.

However, it has to be stressed that the conditions described above are the exception rather than the rule

and on many occasions the passage of an upper trough is identified only by patchy cloud conditions and a



surface wind shift accompanied by increasing surface pressure (DGCAM, 1996). On these occasions,
widespread dust may occur due to the strong to gale force northerly winds which accompany a significant
pressure rise over the region. The steep pressure gradient-induced geostrophic wind causes the lifting of dust
particles. (De Villiers & Van Heerden, 2007). The interior of Oman is mostly affected by this dust-raising northerly

wind, known as Shamal "and this condition may continue for several days.

1.3.2 Monsoon (Khareef) over Salalah and adjoining areas

The Salalah plane is a coastal area of about 50 km long and 12 km wide at the centre. The plane is
bordered by mountains (known as the Dhofar Mountains) to the north with the highest peak at approximately
2000 m.

The Khareef, starts at Salalah and the adjoining mountain area (southern coast of Oman) from the last
week of June and ends around mid September. As a result of the pressure gradient that exists between high
pressure over the Arabian Sea and heat low pressure over the Empty Quarter, strong south to southwesterly
winds affect the coastal waters of Dhofar & Al Wusta region during the summer months (DGCAM, 1996). The
strong monsoon currents along the southeastern coast cause upwelling over the Arabian Sea lowering the sea
surface temperature. This leads to the formation of ragged stratus accompanied by poor visibility in a solid bank
of fog over the sea. Layers of persistent stratocumulus may be found above this stratus. The surface winds
strengths over the Arabian Sea are between 30 to 40 kt, but over the Salalah plane, they are gentle southeasterly
winds of 5 to 15 kt, veering southwest in the afternoon with a slight increase in velocity. Over the Dhofar
Mountains the winds are always southerly during the monsoon with speeds of around 20 kt. There is not much
difference between day and night temperatures during the Khareef and the air remains close to saturation. The
average maximum temperature is 27 °C and the average minimum temperature is 23 °C. The average maximum
humidity is 97% and the minimum 85%. The average dew point is at approximately 23 °C. Drizzle and/or light
rain are the most frequent form of precipitation received over the Salalah plane and adjoining areas. Rainfall

totals rarely exceeds 5 mm in a 24 hours period (DGCAM, 1996).

1.3.3 Tropical storms and cyclones

There are two cyclone seasons namely the pre-monsoonal period (May-June) and the post-monsoonal
period (October-November) respectively where tropical storms and cyclones may form over the Arabian Sea and
the Indian Ocean (DGCAM, 1996). Most storms originate over the southeastern Arabian Sea in the vicinity of the
Laccadive Islands, but some late season storms start over the southern Bay of Bengal and move westwards
across southern India re-generating as they cross over the warm waters of the Arabian Sea (DGCAM, 1996).

About one in three of these storms/cyclones approach the Arabian Peninsula, and statistics show that



storms/cyclones cross the Omani coast about once every three years. Only half of these storms are

characterized as cyclones where the winds strength reaches 64-71 kt (DGCAM, 1996).

The latest tropical cyclone to have an impact on Oman was Gonu in June 2007. This storm was
classified as a category five cyclone which weakened slightly to category four as it moved past the east coast of
Oman on the 5 - 61 of June. Widespread devastation resulted in the northeastern parts of Oman and Muscat,
the capital, had heavy rainfall, flash flooding, gale force winds and high waves. Jabal Asfar, in the mountains
surrounding Muscat, recorded about 1000 mm of accumulated rainfall in 24-hrs on the 6™ of June. Forty nine
lives were lost and the estimated damage is set at approximately US$ 4 billion (DGCAM, 2007). Prior to this, the
last storm occurred in May 2002 and was named 01A. It crossed the coast south of Salalah in the morning of
Friday the 10" of May 2002 and caused torrential rainfall over Muhafadhat Dhofar resulting in floods in Salalah
city and 9 deaths resulted. Salalah reported 59 mm of rainfall on this day. The storm also caused significant
rainfall to ADhahira, ADakhilia and Al Batinah Regions while Al Sahrgiya Region and Muhafadhat Muscat
received light rain (DGCAM, 2002).

1.3.4 Convective rain during summer over the Al Hajar Mountains

During the summer season, convective development occurs over the Al Hajar Mountains. However,
summer is characterized by mainly clear skies and high temperatures. The average summer maximum
temperatures are in excess of 40 °C and this is associated with very high levels of humidity especially over the
coastal areas. Even minimum temperatures (> 30 °C) are among the hottest in the world (DGCAM, 1996). The
mean regional synoptic feature during the summer is a succession of thermal lows over the Empty Quarter of
Oman and Saudi Arabia, Pakistan and northwestern India. These thermal lows contribute to the dynamics of the
southwesterly circulation over the Indian Ocean and Arabian Sea, and are very closely associated with the

development of the Indian monsoon system (DGCAM, 1996).

It is assumed that summer rainfall over the Oman Mountains is dominated by convection (Bruintjes &
Yates, 2003). During the summer season, the ITCZ moves towards the southeast coast of the country. It may
oscillate between land and sea causing some instability with convective clouds and showers. The ITCZ reaches
its most northern most position over ADakhliya Region and the Al Hajar Mountains during July and August,
where a low-level, relatively moist southeasterly flow from the Arabian Sea meets a dry northerly flow from the
Arabian Gulf (DGCAM, 1996). The strong insulation over the Al Hajar Mountains may allow convection to break
through the temperature inversion and convective clouds start to develop over the mountain peaks (DGCAM,
1996). Figure 1-3 is a good example of convection development over the Al Hajar Mountains. The convective
clouds mostly covered the entire Al Hajar Mountains on the 10" of July 2004. Showers and thunderstorms are a
regular occurrence over a relatively limited area of northern Oman. Moisture can also be advected via the

northeasterly to easterly sea breeze from Gulf of Oman on hot sunny day. These storms normally occur and last



for a short period, generally taking place during the afternoon and clearing overnight. However, this short
duration may be costly when the storms are accompanied with a sudden gust front, hail and flash floods

especially over mountains and their adjoining areas.

Figure 1-3: The convection mostly covered the entire Al Hajar Mountains on the 10th of July 2004.
(Adapted from: MODIS, 2007).

1.4 Aims
The aim of this research is to improve the forecasting of convective storms over the Al Hajar Mountains

of the Sultanate of Oman but with special emphasis on those storms suitable for hygroscopic seeding. The

research has the following objectives

» To determine how available real time data aid the forecasting of convection?

e To test the accuracy of the K-index (KI) in forecasting convection and to adjust it for local
conditions.

« To develop objective techniques to improve the forecasting of convection over the Al Hajar
mountains.

e To determine if the new techniques and the adjusted index can help to identify those storms

suitable for hygroscopic seeding.

In order to achieve these objectives the following steps are applicable:

Chapter 2 discusses the different types of data used in this research.

In chapter 3, a brief introduction about the cloud seeding strategy is provided with emphasis on

hygroscopic seeding. The UAE seeding project over the Seeding Study Area (SSA) is discussed as well as the



properties of the storms which developed over the Western Hajar Mountains. Radar and satellite images are

used to describe the convection.

Chapter 4 discusses the data analysis and the results obtained. The period of 50 to 14" of July 2004 is

discussed by utilizing surface observation data, upper air data from Seeb and Abu Dhabi and NWP data.

In Chapter 5, the Kl is analyzed physically and statistically and it is shown how misleading it can when
forecasting convection over mountains. The Kl is a convective index which considers the atmospheric lapse rate
as well as the moisture content of the atmosphere through which the parcel will travel. A new index called Oman
Convection Index (OCI) is developed consequently from the Kl to provide better prediction of convection. The
OCl is similar to the KI in many respects but considers the moisture content very close to the surface of the earth

to be more important. The OCl is also physically and statistically analyzed and tested on different cases.

Techniques for forecasting the seedable storms over the Western Hajar Mountains of Oman are then
highlighted in chapter 6. The techniques were the result of the analysis in chapters 3, 4 and 5. The techniques

show promising results.

Finally, a general conclusion and recommendations are listed in chapter 7 including the summary of

results and findings.



Chapter 2 Data and Methodology

2.1 Types of data

The meteorological data used in this research were collected from Oman and the UAE with the upper air
sounding data adapted from the University of Wyoming. Numerical Weather Prediction (NWP) data were
obtained from the National Center for Environmental Prediction (NCEP) websites and MM5 model prognosis from
the University Corporation for Atmospheric Research (UCAR). This data includes surface observations, upper air
soundings, radar, numerical weather prediction (MM5) and reanalyzed synoptic charts. Satellite images of the
MODIS and the Meteosat Second Generation (MSG) are also used to identify and analyze convection over the Al

Hajar Mountains.

2.1.1 Surface observations

For every case study discussed in chapter 4, the surface observations were collected from the available
meteorological weather stations around the SSA. Hourly information was obtained from the Meteorological
Terminal Aviation Report (METAR) format from manned and automatic weather stations that belong to DGCAM.
Fifteen-minute data were also gathered from the UAE as reported by the automatic weather station network of the

Department of Atmospheric Studies (DAS).

Essential observed parameters were studied in order to find guidelines to improve the forecasting of
seedable storms. Those parameters are wind direction (in degrees true North) and speed (kt), temperature (°C),
dew point temperature (°C), weather and cloud types observed at the station (when available) and the

atmospheric pressure at the station (hPa).

2.1.1.1 Oman stations

There were only three Omani stations inside the SSA (circles in Fig. 2-1). The coastal station Sohar
(OOSH) is the eastern most station and is situated at Sohar City on the coast of the Gulf of Oman. Ibri (OOIB)
lies close to the northern Al Hajar mountain range at Ibri City and at Al Buraimy City there is an automatic station
(OOBR) close to the center of the SSA. Other stations were helpful to study like Seeb (OOMS) at Seeb
International Airport and Saiq (OOSQ) at the top of the green Mountain on the Eastern Hajar Mountains. In Table

2-1 the geographic information about the Oman stations are provided.

From the table, the highest altitude station is Saiq located on the Eastern Hajar Mountains and the
lowest is Sohar on the coast of the Gulf of Oman inside the SSA. Buraimi and Ibri stations are closer to the
Western Hajar Mountains but both stations are lower than 300 m above mean sea level (MSL). Seeb station is a

costal station located to the southeast of the SSA at 8.4 m.
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Figure 2-1: The network of meteorological station over Oman belongs to DGCAM (Adapted from: DGCAM,
2006).




Table 2-1: The geographic details of some of the Oman meteorological stations used in this study.

Station Longitude (E) Latitude (N) Altitude (m)
Seeb 230 35 00 5801700 0008
Buraimi 240 14°29 550 4714 0299
Saiq 230 04°29 570 38’ 36 1755
lori 560 31’ 00 230 25 00 0244
Sohar 240 28 10 560 38’ 27 0004
Source: DGCAM, 2002

2.1.1.2 The UAE stations

DAS has a comprehensive network of automatic land stations over the UAE (Fig. 2-2). Data from most
of these stations were used in this research.  Table 2-2 provides the geographical location and the altitude of the
stations used in this study. Of the 23 stations, Jabal Hafeet is the highest at about 1059 m. Other stations are
located in mountain passes like Masafi (525 m) and Hatta (325 m). Many stations with different elevations are
positioned around the mountains like Al Shiweb (306 m), Al Foah (335 m), Khatam Al Shaklah (433 m), and Al
Saa (424 m). Abu Dhabi, Ghantuat and Al Samha stations are the lowest three stations (less than 40 m) located

to the west of the mountains along the coast of the Arabian Gulf.

Figure 2-2: Some of the DAS weather stations network 2003. (Adapted from: Annual Climate Report 2003,
DAS).
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