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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 16° 40’ and 26° 20’ North and longitudes 51° 50" and 59° 40” 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:

i Al B
(! UNITED  aphatita
\ EMIRATES / L Dakhliyvah
Ve z NIV L
T __.'1 A'Shargiva
. Oman
SAUDI ,’I S
ARABIA ;
|l|'
Undemarcated ! AlWusta

Borders -~ HAMA®

(Y
=% Chotfar

e} SALALIH
",

L
=
L

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).
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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.

Figure 1-2:
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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.
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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
z |8
o = &
z | & = | s 2 |E = B S |2
2 E |8 |§ |z |¢¥ |z |8 |5 |2 |8 8 |2 |8
s ¥ |2 |2 |2 (8 |8 |2 |8 |8 |2 |8 |z |®
KHASAB 50.0 | 46.7 | 410 | 93 0.8 0.0 0.7 25 0.0 1.1 70 | 428 | 192.0 | 1947
DIBA 0.0 0.2 8.1 0.0 0.0 0.9 0.0 0.0 0.0 03 | 107 | 0.8 | 21.2 | 2000
BURAIMI 7.6 22.5 16.9 6.0 2.2 1.0 11.7 2.9 3.0 0.3 0.0 9.6 773 | 1977
SOHAR 146 | 354 19.5 6.4 1.1 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 | 26.3 1.2 6.6 10.0 | 349.1 | 1979
SEEB 130 | 176 | 155 | 99 25 0.5 2.7 1.4 0.0 0.7 47 111 | 795 | 1975
NIZWA 8.6 96 | 238 | 5.0 6.7 1.2 127 | 82 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 05 | 17.8 | 1985
BAHLA 11.7 6.7 4.4 11.6 11.7 7.2 8.1 134 5.8 6.8 1.8 0.3 71.6 | 1998
IBRA 0.8 9.0 5.2 35 1.2 26 | 106 | 85 3.8 1.0 6.0 00 | 50.2 | 1998
SUR 135 | 21.8 | 154 | 89 1.5 4.0 2.7 24 0.0 1.7 741 93 | 871 | 1977
MASIRAH 5.0 7.9 10.6 10.1 1.0 12.6 4.2 2.2 0.1 1.3 2.6 5.4 62.9 | 1956
QARN ALAM 0.0 0.0 0.0 3.1 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 | 331 | 1980
QAIROON 0.5 1.7 | 114 5.2 16.3 | 267 | 8.5 | 611 | 139 | 03 0.8 6.8 | 2143 | 1984
HAIRITI
SALALAH 1.2 3.2 5.0 10.2 10.6 7.9 258 | 2641 3.6 5.8 45 3.8 | 107.7 | 1943

Source: DGCAM, 2002
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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 Knhasab is 50 mm in January, for Sohar
it is 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 southem 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

Saiq) and the minimum rainfall occurs over the desert (about 4 mm in Qam 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
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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 ki, 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
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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 5t - 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 10t 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 A'Dhahira, A'Dakhilia 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 A'Dakhliya 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 10t 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 ovemight. 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 10t 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

e 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.

e 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
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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 51 to 14t 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 Kl 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.
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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 (OQIB)
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 lbri 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” 58017’ 00” 0008

Buraimi 240 14°29” 550 47°14” 0299

Saiq 230 04°29” 570 38’ 36” 1755

Ibri 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.

am Al Shaklah

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

11
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Table 2-2: The geographic details of some of the DAS weather stations used in this study.
Station Longitude (E) Latitude (N) Altitude (m)
Abu Dhabi 54019’ 447 24028’ 34” 007
Al Arad 55031’ 27”7 23050’ 417 212
Al Faga 55037 17”7 24043’ 08” 235
Al Foah 550 48’ 227 24020’ 02” 335
Al Hiyar 550 46’ 59” 240 35’ 55” 325
Al Khazna 550 06’ 02” 2409’ 31” 170
Al Malaiha 55053’ 17” 25007’ 50” 150
Al Saa 56° 00°38” 24°05’ 56” 424
Al Sad 550 30’ 44” 24012’ 35” 199
Al Samha 54047’ 18” 24042 03” 035
Al Shiweb 55047’ 53 240 46°34” 306
Al Wathbah 54041’ 577 24010477 063
Falaj Al Moalla 55051’ 58” 25020’ 16” 120
Ghantuat 54050’ 34” 24953 13” 029
Hatta 56° 08’ 15” 240 48’ 40” 325
Jabal Hafeet 550 46’ 317 24003’ 24” 1059
Khatam Al Shaklah 55057’ 07” 24912’ 40” 433
Manama 56° 00’ 31” 25019’ 23” 200
Masafi 560 09’ 42” 25021’ 32” 525
Mezyed 55050’ 52” 24001’ 43” 345
Rakhna 55042’ 24” 24020’ 38” 288
Saih Al Salem 55018’ 43” 24049’ 39” 105
Swiehan 55019’ 53” 24027 58” 170
Source: Annual Climate Report 2003, DAS.

2.1.2 Upper air soundings

The upper air data where obtained from Seeb in Oman and Abu Dhabi in the UAE. Although they are
outside of the SSA, they are the only upper air sounding stations in the vicinity. Seeb (Muscat, OOMS) is located
at Seeb International Airport and belongs to DGCAM. It is about 50 km east of Al Hajar Mountains, but more than
150 km from the nearest mountains in the SSA. One balloon is launched per day at 0000 UTC. In contrast, Abu
Dhabi does two ascents per day at 000 UTC and 1200 UTC. Abu Dhabi soundings are done at about 120 km
west of the nearest mountains in the SSA.  Most of these data were collected from Department of Meteorology in

12
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Oman and from the University of Wyoming upper air web site (University of Wyoming, 2006). The data are
displayed in Skew T-log p (Skew T) diagrams in chapters 4 and 5.

2.1.3 Radar

The radar images where captured from the main radar of the seeding project at Al Ain City by using the
TITAN (Dixon and Wiener, 1993) software system. Al Ain Doppler radar was erected at the centre of the SSA
with 5 cm wavelength operating in an automated volume-scan mode with the National Center for Atmospheric
Research (NCAR) HiQ radar processor outfit. The scan parameters, initially planned for this radar (Jensen,
2004) are:

e PRF =620 Hz (maximum range, 204 km).

e Pulse length = 0.8 us (120 m).

e (Gate spacing = 240 m (850 range gates).

e Number of samples = 28.

e PPl scan rate at 20° s and set to complete a full 360° PPI before stepping up to next
elevation.

e Elevation angles (deg): 0.5, 1.5, 2.5, 3.5, 4.5, 6.0, 8.0, 11.0, 15.0, 22.0 and 32.0.

e Resulting volume scan time, about 4:30 min.

e Volume repeat time set for 5 min.

e |atitude = 24° 26’ 56", Longitude = 55° 61’ 97”, Altitude = ~280 m.

For the study of the seeding experiments and its quantification, the experimental unit is the summertime
convective clouds. Based on the results from Dixon et al. (1993), the reflectivity of threshold of 30 dBz was set in
order to identify a seedable storm (UCAR, 2006).

2.1.4 The mesoscale model (MM5)
The UAE MM5 was the NWP model used by forecasters during the cloud seeding project at DAS in Abu

Dhabi. It has a regional, limited area non-hydrostatic, terrain following sigma coordinate. It provided a daily real-
time forecast of weather conditions and the Clark-Hall model was used as a tool to describe the precipitation

formation mechanisms.

The initial and boundary atmospheric conditions, including the 1° sea surface temperature (SST) data,
were supplied by the 0000 UTC or 1200 UTC AVN global model.

13
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MMS5 has three nested domains. The first domain has a horizontal resolution of 30 km; the second has a
one of 10 km and the third has 3.3 km. Each of the nested grids has 32 vertical levels and are two-way
interactive during the simulations (Jensen & Ziady, 2006).

A 36-hour forecast was created once a day with the initialization time at 1200 UTC. The model
prognoses were available in 3 hourly intervals. In this study, the forecast from the first domain (30 km) was
utilized in order to capture the synoptic scale influences on the area. All the charts discussed in chapter 3 are the
18-hour forecast valid for 0600 UTC. This time was chosen to depict the model prognosis of the synoptic
circulation before the onset of the thermal convection (UCAR, 2006).

2.1.5 National Center for Environmental Prediction (NCEP) data

The NCEP re-analysis data were used to produce general information on the synoptic scale over the
whole region. In order to investigate the time of thermal convection, the 0600 UTC analysis of the NCEP data

were used in all of the 10 cases in this research.

The NCEP data used here have a horizontal resolution of 2.5 degrees and have 17 pressure levels in
the vertical. The surface pressure analysis over the area did not show any difference between the days of the
period and hence not used in this study. Ultimately, only three pressure levels are used here. They are the 1000
hPa, 850 hPa (closest layer to the mountain heights) and 500 hPa geopotential heights.

This research focuses on mesoscale features and local convection. The NCEP data set is therefore
inadequate to identify these features. However, a general view of the synoptic circulations is helpful to

understand the mesoscale features which develop.

2.2 Methodology

Most of the clouds considered for seeding during the cloud seeding experiment developed over the
Western Hajar Mountains. The most days with continuous convective storms were from the 6t to the 13t of July
2004. This ten day period was chosen partly because of the large number of seeding cases (23) which was

preformed over the Al Hajar Mountains and the surrounding areas.

The radar and satellite pictures were used to identify the developed convective storms over the SSA
during the study period. The synoptic conditions were analyzed for each day by studying the geopotential heights
at different levels (1000, 850 and 500 hPa reanalyzed charts from NCEP). Then, the MM5 data was used to
verify its capability of predicting the synoptic conditions by comparing the forecast with the actual conditions.

After this the local conditions of the area were studied by analyzing the surface observations collected from the
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weather stations. That was done in order to understand the impact of circulation on the local conditions over the
area. The upper air data of Seeb and Abu Dhabi soundings were analyzed to find the main upper air
characteristics on convective days. Some sounding parameters related to the instability and moisture were
investigated and compared.

The Kl is widely used by the Omani forecasters to predict the locally convective clouds over the Al Hajar
Mountains. This index was analyzed physically and statistically to explain its limitations and misleading in
forecasting convection over the mountains. The Kl consists of three terms, lapse rate term, the dew point
temperature at 850 hPa and the dew point depression at 700 hPa. Each term was discussed separately in
section 5.2.1. A data set was created in order to test the ability of the Kl to forecast convection over the Al Hajar
Mountains. The statistical methods of joint distribution described by Ebert (2007) were used to verify the KI. Two
way contingency tables (Table 2-3) were utilized and categorical statistical scores were calculated for a Kl chosen
threshold value.

Table 2-3: The contingency table.
Observed
yes No Total
yes hits false alarms forecast yes
i3
8
< no misses correct negatives forecast no
L.
Total Observed yes Observed no total

The four combinations of forecasts (yes or no) and observations (yes or no), known as joint distribution
(Ebert, 2007), are:

hit — convection forecast to develop, and did develop.
miss — convection forecast not to develop, but did develop.
false alarm — convection forecast to develop, but did not develop.

correct negative — convection forecast not to develop, and did not develop.

The marginal distribution, the total numbers of observed and forecast developments and non-
developments are shown in the shaded areas on the contingency table.

In this study, only five categorical statistics are used to describe the forecast performance, they are:
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e Accuracy (fraction correct) which provides an overall correct forecast fraction, range from 0 to 1 with
perfect score 1, and calculated by

hits + correct negatives
total

Accuracy =

e Bias score (frequency bias) which gives an idea of how the forecast frequency of “yes” convection
compare to the observed frequency of “yes” convection, range from 0 to infinity with perfect score 1,

and calculated by

hits + false alarms

BIAS = - -
hits + misses

e Probability of detection (hit rate) which provides the fraction of the observed “yes” convection was
correctly forecast, range from 0 to 1 with perfect score 1, and calculated by
POD = — hlts.
hits + misses
e False alarm ratio which gives the fraction of the predicted “yes” convection actually did not occur, range
from 0 to 1 with perfect score 0, and calculated by

FAR — false alarms

hits + false alarms

e Probability of false detection (false alarm rate) which provides the fraction of the observed “no”

convection were incorrectly forecast as “yes”, ranged from 0 to 1 with perfect score 0, and calculated by

POFD = false alarms

correct negatives + false alarms

Oman Convection Index (OCI) was developed consequently and also verified by the same methods.
Finally, a table of convection forecasting techniques (TCFT) was introduced for forecasting the

seedable storms over the Western Hajar Mountains of Oman. The elements of this table considered all the

results and findings obtained in this study.
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Chapter 3 Cloud Seeding Experiment and Convective Development

3.1 Introduction

In this chapter, an overview about the water resources in Oman and the feasibility of the cloud seeding
solution is highlighted. The seeding project in the UAE and its experiments over the Al Hajar mountains in Oman
airspace is briefly discussed. The hygroscopic seeding technique is discussed and the forecasting challenges
detailed. Characteristics of the regional clouds and their amenability to the hygroscopic seeding according to the
NCAR study at the UAE are then very briefly listed.

In this study, all the days of the period from the 5% to the 14 of July 2004 are considered as case
studies in order to illustrate atmospheric conditions on the days when convective clouds developed over the Al
Hajar Mountains and for the days when they did not. During this period, there was considerable change in the
weather over the SSA. According to the researcher’s experience during the seeding project in the UAE in 2004,
the eight days from the 6 to the 13" of July were the longest period of continuous convection over the SSA
during the entire summer of 2004. Many cloud seeding experiments were conducted on convective clouds mainly

over the Al Hajar Mountains and the surrounding areas during this time.

This chapter provide a brief introduction on the observed convection during the study period (5"-14t of
July 2004) as depicted by the radar images from Al Ain radar (Fig. 3-1) and some satellite images. For the
purpose of this research, the following definitions apply:

e Non Active days: Refer to the days when no convective clouds were observed over the SSA.

e Active days: Refer to the days when convective clouds were observed over the SSA but only in
isolated cells.

e Very Active days: Those are the days when numerous convective clouds developed over the

SSA in multi-cellular convective systems.

The Very Active days were from the 10%-13" while the Non Active days were on the 5% and the 14t
The Non Active days are included in order to understand the difference in the atmospheric conditions between
the Active and the Non Active days. The remaining days in this period are classified as Active days (6-9t).
Finally, a short discussion about the seeding cases during the study period is provided.

17



NIVERS
NIVER
UNIBE

ITEIT VAN PRETORIA
SITY OF PRETORIA
SITHI YA PRETORIA

(@

<cc

3.2 Cloud seeding in Oman

Oman faces a water resources shortage. The persistent need for water is due to changes in climate,
land use, a growing population, pollution, the economy and agriculture. The demand of water increases day by
day. Most of the water resources used in the country, directly or indirectly, depends on the rainfall (Bruintjes &
Yates, 2003). Oman has a unique traditional system of irrigation called "Falajs". Falajs are narrow, long
channels mostly drilled under the mountains allowing the groundwater to flow under the ground towards the
villages. Falajs and groundwater wells are mostly recharged by the run-off from mountains. Only minor direct
recharge of water occurs over Al Batinah alluvial aquifers via rain falling directly on the plain and infiltrating this
groundwater system. The coastal aquifers are hydraulically connected to the aquifers originating in the
mountains. The intrusion of the underground seawater to the coastal and inland groundwater has become a
serious problem as a result of the huge extraction of groundwater (Bruintjes & Yates, 2003). The Northern Omani
Al Hajar Mountains lie close to the border with the UAE. This area is a very important source of ground water for
both countries. Beyond the desalination of sea water and other projects like water recycling, a way of enhancing
the rainfall over these mountains deserves thorough consideration. Weather modification may be applied and
tried seriously in the country and should be viewed as a part of an integrated water resources management
strategy (WMO, 2001).

After three years of extensive studies, it was found that no significant hydrological events took place in
the UAE between 2001 and 2002. In fact, the Omani mountains were the only source of summer rainfall during
this period. It, therefore, shows that summer convection over the Omani mountains does provide sufficient
opportunities for rainfall enhancement and the clouds could be amendable to cloud seeding (Bruintjes & Yates,
2003; DWRS, 2002).

3.2.1 Hygroscopic cloud seeding

Weather modification research has been undertaken in many countries of the world during the past few
decades. Two cloud seeding techniques namely glaciogenic, cold-cloud seeding by seeding material such as dry
ice and silver iodide and the hygroscopic seeding or warm-cloud seeding with hygroscopic flares have been
investigated. The glaciogenic seeding results were published by Krauss et al. (1987) and Mather et al. (1996).
However, the most dramatic results were shown by the locally warm-cloud seeding experiments (Mather et al.,
1997).

An earlier cloud process intervention was made as a new approach to cloud seeding. When this new
approach was suggested, Mather (1991) was doing routine microphysical measurements and he noticed that the
coalescence was enhanced in a convective storm that ingested the emissions from a major paper mill. Clear
differences between storms that grew in the vicinity of the paper mill and those not affected by this pollution

source were indicated by radar studies. In response to this, the National Precipitation Research Programme in
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South Africa developed a hygroscopic flare that could be used to deliver artificially generated cloud condensation
nuclei (CCN) with a mean size of 0.5 micron to the base of developing storms.

These artificial CCN were intended to indirectly hasten rainfall through accelerating coalescence and
droplet growth. Numerous experiments were designed in South Africa to test the developed flares impact on
cloud processes. A five year randomized experiment that investigated the impacts of hygroscopic seeding on
rainfall and subsequent experiments have evaluated the feasibility of operational seeding and its impact on
rainfall from advanced analysis of radar data (Mather & Terblanche, 1993; Mather et al., 1997; Terblanche et al.,
2000). All the experiments conducted so far have shown in a compatible manner that the radar determined rain
mass of seeded storms is significantly more than of the control storms. Producing water by earlier condensation
implies greater loading of the updrafts by larger particles with a related increase in the downdrafts. It is this
invigorated storm outflow that probably undercuts more of the surrounding warm air to trigger new more vigorous
cloud growth on the flanks of the treated storm; thus extending the life of the storm (Mather et al., 1997). The
South African studies have also been analyzed by independent international experts who confirmed the findings
(Biggs, 1997; Silverman, 2000). In addition, the South African randomized hygroscopic seeding experiment and
its results were also duplicated in Mexico under the guidance of NCAR scientists. The South African developed
hygroscopic flare seeding technology has been labeled as one of the most significant advancements in weather
modification (Orville, 1995).

It was found that not every convective storm can be amended for the hygroscopic seeding in order to
enhance its rainfall. A randomized seeding experiment with flares, that produce very small hygroscopic particles
in the updraft regions of continental, mixed-phase convective clouds, has produced evidence of a modified, more
effective droplet spectrum near cloud base that enhances the formation of large drops early in the lifetime of the
cloud (AMS, 1998). In general, isolated, convective cells (cauliflower-like growing cloud bubbles aloft) with a solid
and low cloud base (lower than 4570 m) and a considerable updraft (at least 1-2 m s') can be treated via
hygroscopic seeding to increase their rainfall (DWRS, 2004). The updraft or the thermal strengths are classified
as nil (0 m s'), weak (<1.5 m s'), moderate (>1.5<3 m s*') or strong (>3 m s*') (UKMO, 1997). A crucial part of
the cloud seeding experiment is to be able to predict convective cloud with these characteristics. Generally most
of the summer convective clouds over the Al Hajar Mountains have characteristics amenable to the hygroscopic
clouds seeding (DWRS, 2002).

A collaborative program between the Department of Water Resources Studies (DWRS) (now known as
Department of Atmospheric Studies (DAS)) in the UAE, the University of the Witwatersrand in RSA, the South
African Weather Service in RSA and the NCAR in USA was implemented during the summer of 2003. This
program aimed to investigate the feasibility of rainfall enhancement over the Omani mountains by means of
hygroscopic cloud seeding. The SSA was chosen to be the area inside a circle of about 150 km radius centered
at Al Ain city. The SSA covers a large part of the northern Omani mountains or the Western Hajar Mountains as
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well as most of the central and northern parts of the UAE. A weather radar was erected at Al Ain airport and data
available from the radar covers the SSA (Fig. 3-1). The radar studies show that the vast majority of convective
storms occurred over the Oman mountains (DWRS, 2002). The radar data provides a unique opportunity to

investigate the characteristics of thunderstorms over the area.

Seeding Study. "\,
\ Area

Figure 3-1: The Seeding Study Area (SSA) with Al Ain radar coverage denoted by range rings. The radius of
the radar coverage areas is about 150 Km, with Al Ain near the centre of the site. (Adapted from:
DWRS, 2003).

One crucial fact that must be noted here is that the type of mesoscale convective weather system
suitable for seeding is very difficult to forecast since the life time of the storms is very short and many of them last
in the order of 20 to 30 minutes (Jensen et al., 2003). This makes it very difficult to observe these storms by
conventional means, i.e. the weather and cloud observations from weather stations. Even the 15 minute images,
available on the recently launched of Meteosat 8, will sometimes not be able to capture the development of the
storms adequately. Due to the complicated logistics and astronomical cost involved in the cloud seeding
experiment, it is crucial that timely and accurate forecasts are made of these mesoscale storms. Moreover, an
accurate forecast of these weather systems is essential to the success of the cloud seeding experiment (DWRS,
2002).

Bruintjes & Yates (2003), from NCAR, has submitted a report to the Sultanate government assessing the
potential of cloud seeding to enhance rainfall in the Sultanate of Oman. Their initial findings suggested to the
Ministry of Regional Municipalities, Environment and Water Resources (MRMEWR) that research should be
focused on determining the suitability of hygroscopic cloud seeding over Oman. They also recommended close
collaboration with the Department of Meteorology in Oman. There is no clear decision yet if this research will be
funded soon by Oman. However, if the project goes ahead, the whole Al Hajar Mountains will be part of the
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seeding project and special instruments, like radars and other essential project infrastructures, shall be made
available in the country. Although the government hasn’'t made a decision, the research in the UAE continued in
the summer 2004 and this research contributed to developing forecasting techniques for the storms over the

Omani mountains.

3.2.2 Characteristics of the regional clouds and their amenability to the
hygroscopic seeding

In its study (DWRS, 2002) of the rainfall enhancement and air chemistry during 2001-2002 over the
UAE, NCAR identified the main observed characteristics of the clouds over this area including the clouds
developing over the Western Hajar Mountains of Oman. Hundreds of flights were made during these two years
field seasons to take some measurements of the microphysical characteristics and precipitation processes in the
clouds in this region. This was done in order to find how amenable the clouds were to seeding with hygroscopic
flares. The results show that the summer clouds were found suitable for seeding because mostly all clouds were

convective in nature.

The regional clouds were classified into two categories namely convective and stratiform. This was
further subdivided into eight cloud types. They are boundary layer cumulus (low cloud base with small vertical
development), towering cumulus (low to mid-level cloud base with large vertical development), cumulonimbus (a
cloud exhibiting thunder or lightning), altocumulus (mid-level cloud bases with small vertical extent), stratus (low
cloud base and stratiform), stratocumulus (stratus exhibiting convective elements), altostratus (high cloud base

and stratiform), and altostratus or altocumulus (altostratus exhibiting convective elements) (DWRS, 2002).

The dominant clouds during the summer were boundary layer cumulus and deeper cumulus with
relatively high bases (3000-4000 m AGL). The main forcing mechanisms of these clouds are the orographic lifting
by the Al Hajar Mountains and convergence of mesoscale boundaries (DWRS, 2002). The convective growth of
these clouds was regularly stunted by the thermal inversion at mid-levels but that did not stop the strong

convection from developing.

3.3 Observed convection

This research will focus on the atmospheric conditions from the 5t to the 14t of July 2004. These days
were all part of the cloud seeding experiment detailed above and due to the significant convection over the Al
Hajar Mountains many cloud seeding cases were concluded during this period. A brief introduction is provided
here on the convection as observed by the radar located at Al Ain (Fig. 3-1). Some comments made by the cloud

seeding team members are also included.
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Convective storms were observed over Al Hajar Mountains from the 6t (Fig. 3-2) with a gradual increase
in their intensity and quantity until the 13" of July. The radar images confirmed that the best days of active
storms were from the 10-12h of July. Although there were no radar images for the 13" satellite data were
utilized to confirm the presence of convective clouds of this day (Fig. 3-36A). The atmosphere on the 5t and the
14h of July was dry over the SSA. However, on the 14t some clouds developed over the Eastern Hajar
Mountains outside the boundaries of the SSA to the south (Fig. 3-36B).

Most of the storms over this area are relatively short-lived. However, occasional long-lived multi-cellular
systems exist and produce a large fraction of the total precipitation from summer storms (Breed et al., 2005).
From the 6" to the 8t of July, the storms developed late (after 1000 UTC) and to the west of the mountain peaks
over surface wind convergence zones. They were isolated, not intense and short-lived when compared with the
storms which developed on the following days. On the 9™ of July, the storms formed earlier (around 0800 UTC)
starting over the mountains peeks and later moved to the west (Fig. 3-13). On the 100—13% of July, the storms

became very intense, long-lived and active multi-cellular systems.

3.3.1 The 6™ of July

The radar showed the first echo of a storm (storm A) over the mountains east of Al Hiyar station (Fig. 3-
2) at 1012 UTC with reflectivity of less than 20 dBz.

The wind observations around the convection area 12 minutes before indicated the convergence zone
created by the wind circulations are also shown in the same Figure. The sea breeze from the Gulf of Oman
travelled all the way from the east and propagated through the mountains to converge with drier westerly wind.
The area of wind convergence is represented by an elliptical shape (Fig. 3-2). After one hour, the storm
intensified to almost 40 dBz (Fig. 3-3).

Another cell developed at 1127 UTC just south of the previous one. After 10 minutes, the reflectivity of
this cell was 40 dBz. Later on the day (1330 UTC), another favorable area for wind convergence was southeast
of Al Saa (Fig. 3-4) where another cell developed. This cell (storm B) moved to the west with a reflectivity of
about 40 dBz at 1407 UTC (Fig. 3-5).

Although it was not a Very Active day, it was the first day of the convection over the mountains during
the study period. Storm A (Fig. 3-3) was used in the cloud seeding experiment by the research team. The
seeding team noticed moderate convection with light rain during their operation through this storm. The research
flight also reported a cloud base at 3660 m and the updraft was moderate.
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Figure 3-2:

Figure 3-3:

Radar reflectivity (dBz) on the 6t of July 2004 at 1112 UTC.
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Figure 3-4:

Figure 3-5:

- ! rh
p
n o * i
. "
oy
ol s,
E Uy
P
o e
D P
o2

Radar reflectivity (dBz) on the 6th of July 2004 at 1332 UTC. The wind vectors are surface

observations at 1330 UTC.
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Radar reflectivity (dBz) on the 6t of July 2004 at 1407 UTC.
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3.3.2 The 7" of July

The first echo was observed at 1007 UTC about 100 km southeast of Al Ain with a reflectivity of 30 dBz.
An hour later at about 1117 UTC, another storm started to develop just 50 km east of Al Ain (Fig. 3-6).

The surface wind, temperature and dew point temperature observations at 1115 UTC were also included

in this Figure. The surrounding surface temperatures were above 45 °C. These hot conditions enhance

convective development.

Figure 3-6:
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Radar reflectivity (dBz) on the 7t of July 2004 at 1117 UTC. The wind vectors, temperature and
dew point values are surface observations at 1115 UTC while the pink shaded area indicates the

estimated convergence zone.

The wind circulation in Figure 3-6: suggests a favourable wind convergence zone (marked by a pink

shadow area) where most of the convective clouds developed later as can be seen in Figure 3-7:.

At 1247 UTC, there was another storm that developed at about 70 km southeast of Al Ain which lasted

for an hour. At 1317 UTC, the maximum reflectivity of this storm was about 40 dBz (Fig. 3-8).
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Figure 3-7:

Figure 3-8:
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Radar reflectivity (dBz) on the 7t of July 2004 at 1317 UTC.
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The convergence zone (Fig. 3-6) east of Al Ain remained the preferred area for convection until about
1400 UTC (Fig. 3-9).

K )

|-
Lo

Figure 3-9: Radar reflectivity (dBz) on the 7t of July 2004 at 1357 UTC.

On this day storms moved to the south or southwest and the steering winds at 500 hPa were
northeasterly. In this study the winds at 500 hPa were considered to determine the movement of the convective
cells (steering winds). The UKMO (1997) defines the height of the steering winds at a third above the cloud base
height

Hoaset 1/3 (Hiop — Hpase)

Typical values from the Seeb sounding as well as pilot observations as noted in Table 3-1 indicates that

500 hPa is the appropriate steering wind level.

The storm in Figure 3-6Figure 3-6: was chosen for the cloud seeding experiment. The seeding team
noticed weak updrafts which improved to medium updrafts later and two seeding cases were done. The cloud
base height varied between 3660 and 4115 m. Another research aircraft was present southeast of Al Ain, where
some shallow convection started earlier. They noticed a cloud base at 3960 m and a lot of ice was present in the
clouds. The storm in Figure 3-8 was investigated for the possibility of seeding but although the cloud base
decreased to 3050 m MSL, no updraft was found and the cloud dissipated. They were able to see the gust front

of this storm and rain reaching the ground.
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3.3.3 The 8" of July
The storms developed after 1015 UTC at the same location as on the 7t of July (Fig. 3-6) to the

mountains at about 90 km southeast of Al Ain.

Storm A was weak on the 1027 UTC volume scan with a dBz of 30 (Fig. 3-10). However, it was enough
to attract both research aircraft into the area. A few cells developed over the mountains southeast of Al Ain.

“4 Storm A

Figure 3-10: Radar reflectivity (dBz) on the 8th of July 2004 at 1027 UTC.

The surface wind convergence is shown by the pink color in Figure 3-11. The observations are valid for
1145 UTC, approximately 10 minutes before the radar image.

The Figure shows a 40 dBz storm (storm B) located about 50 km southeast of Al Ain inside the
convergence zone and another storm (storm C) about 25 km northeast of the radar centre. Other individual cells

also developed inside the shaded area in Figure 3-11.
The storms southeast of Al Ain were treated by the research team. The seeding team noticed that there

was a rain shaft present during seeding, weak updrafts and no lightning. The clouds base height varied between
3290 and 3535 m.
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Figure 3-11: Radar reflectivity (dBz) on the 8t of July 2004 at 1152 UTC. The wind vectors, temperature and
dew point values are surface observations at 1145 UTC while the pink shaded area indicates the
estimated convergence zone.

3.3.4 The 9" of July

Convective clouds started to develop much earlier on the 9™ of July with the first storms being noticed by
0800 UTC. This storm intensified to a dBz of 40 about 30 minutes later (Fig. 3-12).

The convergence zones at about 1000 UTC are indicated in Figure 3-13. Storms developed later in
these convergence zones (Fig. 3-14 & Fig. 3-15).

The winds at the steering level were light northeasterly at Seeb 1200 UTC sounding, to southeasterly at
Abu Dhabi one. So most of the storms developed and collapsed at the same area or drifted slowly to the west or

southwest.

Storm A (Fig. 3-13) was chosen for the cloud seeding experiment. The pilots observed a cloud base
height at 2440 m ASL. Initially light rain was observed but this increased to heavy rain and lightning. The other
research aircraft flew to treat storm B east of Al Ain (Fig. 3-13). They noticed that most clouds had ragged bases
with heights varying between 9895 and 3355 m and the updraft was weak to nil.
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Figure 3-12: Radar reflectivity (dBz) on the 9t of July 2004 at 0832 UTC.
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Figure 3-13: Radar reflectivity (dBz) on the 9t of July 2004 at 957 UTC. The wind vectors, temperature and

dew point values are surface observations at 1000 UTC while the pink shaded area indicates the
estimated convergence zone.
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Radar reflectivity (dBz) on the 9t of July 2004 at 1107 UTC.
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Radar reflectivity (dBz) on the 9t of July 2004 at 1237 UTC.
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3.3.5 The 10" of July

The radar images confirmed that this was a Very Active day. Storms A and B developed early before
0800 UTC over the peaks of the Al Hajar Mountains as individual cells as seen in the 0838 UTC volume scan
(Fig. 3-16). The reflectivity of both storms in Figures A and B were about 50 dBz. Convective cells developed

over the entire mountain range on this day.

I $ s Te. Storm B
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i _ 'L.Q, Storm A I
wy
Figure 3-16: Radar reflectivity (dBz) on the 10th of July 2004 at 0838 UTC.

Other storms developed quickly and some of the isolated cells then joined to form a multi-cellular system
of storms along the mountains as seen at 0918 UTC (Fig. 3-17). Figure 3-17 shows storm C of multiple cells over
the mountains extending further south with reflectivity’s of more than 50 dBz. Figure 3-17 also shows storm B2
which was probably a secondary development of the storm B shown by Figure 3-16.

Storm D (Fig. 3-18) then developed south of Hatta station at about 0930 UTC and its reflectivity was 40
dBz at 1003 UTC. Storm B2 (Fig. 3-17) became a very intensive cell (storm B3) that expanded with a maximum
reflectivity above 55 dBz as seen at 1033 UTC volume scan (Fig. 3-19).

Late convection occurred in the north as storms E and F developed after 1200 UTC. At this time, most

of the other cells had already dissipated except storm B3 (Fig. 3-20). Figure 3-20 also shows the convergence
zone, shaded area, according to the surrounding stations observations at 1115 UTC.
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Figure 3-17:

Figure 3-18:
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Radar reflectivity (dBz) on the 10t of July 2004 at 0918 UTC.
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Radar reflectivity (dBz) on the 10t of July 2004 at 1003 UTC.
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Figure 3-19: Radar reflectivity (dBz) on the 10t of July 2004 at 1033 UTC.
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Figure 3-20: Radar reflectivity (dBz) on the 10th of July 2004 at 1218 UTC. The wind vectors, temperature and
dew point values are surface observations at 1215 UTC while the pink shaded area indicates the

estimated convergence zone.
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Convective clouds formed over the northern area of the SSA until late afternoon. Storm G (Fig. 3-21)
had a reflectivity of almost 60 dBz as seen in the 1333 UTC volume scan and it still existed at 1430 UTC.

The wind circulations, as observed from different stations at 1330 UTC, are also shown in Figure 3-21
and indicate the convergence zone area where storm G developed. The wind was northerly at Al Malaiha ,
southerly at Al Shiweb and easterly at Hatta (Fig. 3-21). At the same time, the surface temperature was about 43

oC around the area where storm G intensified suggesting strong thermal insulation.
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Figure 3-21: Radar reflectivity (dBz) on the 10t of July 2004 at 1333 UTC. The wind vectors, temperature and

dew point values are surface observations at 1330 UTC.

The steering winds were light northerly as shown by Seeb and Abu Dhabi 1200 UTC soundings (Fig. 4-
27). So, storms were more likely to be semi-stationary, grow and collapse in the area, or drift slowly to the south.

Winds were light, so no wind shear, and thereby enabling easy growth.

The clouds seeding research team executed four operations on the clouds on this day. The pilots noted
that there were individual cells that developed a line of convection. While being treated, it was noted that the
clouds were thermally induced with non solid cloud bases. The updrafts were moderate and rain was noticed.
The clouds base heights varied between 2195 and 2895 m.
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3.3.6 The 11" of July

This was another Very Active day of thunderstorms and convection started even earlier than the day
before over the Al Hajar Mountains peaks. Storm A (Fig. 3-22) was noticed first before 0800 UTC and then storm
B, in the same Figure, developed to the north with reflectivity of more than 40 dBz at 0803 UTC. Several
convective storms developed over the mountain range an hour later (Fig. 3-23). At 0923 UTC, storm C (Fig. 3-
24) became more intense with a 50 dBz reflectivity. Storm B (Fig. 3-24) was very intense with a reflectivity of
about 60 dBz in its core while storm A (Fig. 3-24) was very active and gathered other cells around it. Storm A
(Fig. 3-25) then became more intense while storm B (Fig. 3-24) started weakening. A couple of cells developed
over the north like storm D and storm E (Fig. 3-25).

At 1108 UTC, storm A (Fig. 3-26) was still active with reflectivity above 50 dBz and another very intense
storm (storm F) formed in the north by the combining of storm D and storm E with other individual cells (Fig. 3-
26). The same volume scan also showed storm G developing in the northeast. Storm F (Fig. 3-25) lasted for a
long time and was seen to be active even after 1200 UTC. Then, other isolated cells appeared over the northeast
and moved to the west of the UAE. No active storms remained over the Al Hajar Mountains and the surrounding
area after 1300 UTC. However, there were plenty of active cells located to the west over the UAE area which
lasted until late afternoon. Storm H (Fig. 3-27) was located over Al Hiyar at 1328 UTC with a volume scan
reflectivity of more than 40 dBz. Then, storm F (Fig. 3-26) moved to the west and lasted until later than 1500
UTC.

s . %-Storm B
b % Storm A
Figure 3-22: Radar reflectivity (dBz) on the 11th of July 2004 at 0803 UTC.
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Radar reflectivity (dBz) on the 11th of July 2004 at 0903 UTC.
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Radar reflectivity (dBz) on the 11th of July 2004 at 0923 UTC.
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Figure 3-25:

Figure 3-26:
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Radar reflectivity (dBz) on the 11t of July 2004 1003 UTC.
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Radar reflectivity (dBz) on the 11th of July 2004 1108 UTC.
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Figure 3-27: Radar reflectivity (dBz) on the 11t of July 2004 at 1328 UTC.

The wind convergence zones on this day identified the areas of preferred convection accurately. For
instance at 0833 UTC (Fig. 3-28) when the storms developed, the winds (three minutes before) were mostly
southerly to southwesterly over the southern stations west of the mountains. Yet, the southeasterly wind
occurred over the northern stations like Al Malaiha. The southwesterly wind was moist as the dew point
temperatures were between 16 and 17 9C. However, the southeasterly wind was much moister as seen over
Hatta which had a dew point temperature of 26 °C and Al Malaiha 21 °C. The surface temperatures were mostly
above 40 °C. The observations after one hour (Fig. 3-29) indicated the dominance and the strength of the
southwesterly winds over the stations west of the mountains including the wind over Al Malaiha which was
southeasterly an hour before. This caused the dew point temperature to drop to 16 °C. The mixing of the two
different airmasses was partly responsible for initiating a convergence zone marked by pink shadow in Figure 3-
29. Most of the storms which developed later (Fig. 3-26) were seen in that marked zone.

A couple of flights with five operations were executed on the clouds by the seeding research team. The
team noticed from the aircraft that the clouds over the mountains east of Al Ain had a cloud base at 1525-1980 m
and experienced lightning, moderate updraft and rain on the ground. The northern clouds that formed between
Hatta and Masafi (storm E on Fig. 3-25 and storms G & F on Fig 3-26) had cloud base closes to the mountain in
many cases (2440-2895 m) with strong updrafts and rain. The overcast cloud that formed later to the north of Al

Ain had light rain. Their bases were difficult to distinguish and the top was generally between 5790 and 6095 m.
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Figure 3-28:

Figure 3-29:

Radar reflectivity (dBz) on the 11t of July 2004 at 0833 UTC. The wind vectors, temperature and

dew point values are surface observations at three minutes before the volume scan time.
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Radar reflectivity (dBz) on the 11th of July 2004 at 0933 UTC. The wind vectors, temperature and

dew point values are surface observations at three minutes before the volume scan time while the

pink shaded area indicates the estimated convergence zone.
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3.3.7 The 12" of July

Storms again developed over the Al Hajar Mountains on the 12 of July. They started a bit later than the
previous day as storm A (Fig. 3-30) developed at 0820 UTC at the same location (southeast of Al Ain) as on the
11t of July. The reflectivity was already about 60 dBz in its core on the 0853 UTC volume scan (Fig. 3-30). This
Figure also shows other individual cells like storm B developing just to the north. After about half an hour, storm
A became very intense and seemed to join with another cell.

% Storm B
o .- “#'storm A
Figure 3-30: Radar reflectivity (dBz) on the 12th of July 2004 at 0853 UTC.

Figure 3-31 shows storm B which appeared to join with another cell to form storm B2 while storm C
developed at about 0910 UTC over the area where the first storms developed during the previous three days. At
0958 UTC the volume scan (Fig. 3-32), storm A2 was split from the mother cell, storm A, which now moved to the

south; however both storms were very intense and their reflectivity was about 60 dBz in the core.

The Figure also shows that storm B2 divided into small cells with less reflectivity but the area there
remained active. Storm C was weak and was about to merge with another cell o its northeast and storm A to the
north. Figure 3-32 also shows other storms developing over the southeastern mountains at about 100-150 km
from Al Ain. After about 25 minutes, storm A became very intense by combining with storm C and other individual
cells moved from the south as the steering winds were light to moderate southeasterly at Seeb 1200 UTC
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sounding to southerly at Abudhabi one. Storm A2 also moved to the north to influence a wider area and was still
intense with a reflectivity of about 60 dBz in its core.

.
Storm B2 '1
P L 3t } ,Storm A
| “Storm C .
: -
Figure 3-31: Radar reflectivity (dBz) on the 12t of July 2004 at 0923 UTC.
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Figure 3-32: Radar reflectivity (dBz) on the 12t of July 2004 at 0958 UTC.
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The southeastern area was still active with a couple of isolated cells but many more convective cells
occurred to the northeast of Al Ain. Storm E (Fig. 3-33) was another huge storm that developed over the
southeastern mountains and it was made up of several individual cells which formed earlier over the area and
moved northwesterly. Figure 3-33 also illustrates storm A being active while storm A2 (Fig. 3-32) was already

over but some isolated storms were developing to the north (west of Fujaira).

At 1123 UTC (Fig. 3-34) a very intense storm (storm F) with a reflectivity of about 60 dBz in its core
resulted from the combining of storms A and E (Fig. 3-33) and it was seen covering an area more than 100 km
along the mountains and the surrounding areas. The area southeast of this storm was still active while other
isolated cells were still developing over the north such as storm G west of Fujaira (Fig. 3-34). Storm F (Fig. 3-34)
remained active until about 1230 UTC but the northern area was also active until late afternoon. Storm H
developed over the northern area at 1145 UTC. It was seen active at 1303 UTC (Fig. 3-35) and remained until

about 1400 UTC when all the storms over the area disappeared.

The research aircraft flew all along the mountains and carried out three seeding operations. The team
reported a long line of convective clouds with their base height varying between 1340 and 2745 m. The low cloud

bases prevented the seeding experiments from taking place. Heavy rain was also noticed on many occasions.
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&

Storm E ‘n”.ﬂ :

e

Figure 3-33: Radar reflectivity (dBz) on the 12th of July 2004 at 1103 UTC.
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Figure 3-34:

Figure 3-35:
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Radar reflectivity (dBz) on the 12t of July 2004 at 1303 UTC.

44



3.3.8 The 13" and 14" of July

No radar images were available on these two days and the Aqua true color satellite images available

from MODIS were investigated to identify convection.

Generally, the convection started a bit late on the 13" of July, after 0900 UTC, and spread over the
mountains as seen on MODIS Aqua true color image at 0900 UTC (Fig. 3-36A). Some storms over the eastern
Hajar Mountains to the south were present on the 14 of July indicated by the satellite image at 0940 UTC (Fig.
3-36B).

Figure 3-36: Aqua True color image at 0900 UTC on 13t (A) & at 0940 UTC on 14t (B) of July 2004. (Adapted
from: MODIS, 2007)

The research team achieved three seeding operations on the 13" of July and noticed that the ideal cells
developed with cloud bases at 3200-3355 m. They also noticed moderate updrafts at first with light rain on

occasions. No convective storms were observed over the SSA during the 14t of July.

3.4 Seeding cases during the study period

During the Active and the Very Active days of the study period, there were 23 randomized seeding
cases mostly conducted over the Western Hajar Mountains of Oman (Fig. 3-37). The flight information of the 23
cases along with the pilots’ comments are listed in Table 3-1. This information includes the case number in the
project, position of the operation (longitude and latitude), decision time (the time when pilots decided to start the
randomized seeding operation according to the characteristics of the targeted storm), the cloud base and brief
pilot comments. About two quarters of the cases were conducted during the Very Active days (10™-13% of July)
where the storms were available for seeding at earlier times compared with the other days. The lowest cloud
base was observed below 2000 m in one of the early seeding cases on the 11t of July over the mountains east of
Al Ain. It was found that there was a relationship between the cloud bases, time of the storm and the number of
randomized seeding cases achieved.
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Figure 3-37: Randomized seeding experiment locations of 23 seeding cases (blue solid squairs) during the
period (6t -13th)of July 2004. (Data from DAS and NCAR).
Table 3-1: Flights summary of the 23 randomized seeding cases during the period (6t -13th)of July 2004.
Decision Cloud Base
Case #| Date Lat. Lon. Time Height (m) Comments
R2C45| 06Jul 04| 24.6 55.974| 1123 3660 light to medium rain on ground - moderate updraft
RoC46| 07 Jul0a| 23.687 | 56.256| 1058 4115 rain on ground when starting - weak updrafts improved
) ) to good
Roc47| 07 Jul0a| 24416 | 56.043| 1137 3660 moderate updrafts with broken base - rain on ground
) ) and windscreen
rain-shaft present after flares 1&2, no lightning, rain
R2C48| 08 Jul 04| 23.849 | 56.222| 1056 3320 reaching ground on flares 9810
R2C49| 08Jul 04| 24506 | 55.818| 1227 3535 light rain even during flares 1&2, no lightning
R2C50| 09Jul 04| 24.146 56.245| 956 2895 weak updraft - moderate to heavy rain on ground
R1C17| 09Jul 04| 25.278 | 55.982| 1043 2440 updraft died early; strong gust front and lightning
R2C51| 09Jul 04 | 24.531 56.045| 1053 3505 good base & good updraft during middle of seeding
R1C18| 10Jul 04| 23.952 56.362| 852 3050-3660 good updrafts all the way; rain and lightning at start
R2C52| 10Jul 04| 24.337 | 56.291| 904 2195 t%ztr’:{t‘g to begin; rain on ground by flares 324, good
lots of rain and lightning - base all precipitation when
R1C20| 10Jul 04| 23.842 | 56.491| 927 3200 doing base pass
Ric21| 10Jul0a| 24.049 | 56.569| 1112 2590 boan53:roded while treating then dumped precipitation
R1C22| 11Jul 04| 24.299 | 56.2 841 2440-2135 good updrafts; nice solid base; lots lightning; heavy rain
R2C53| 11Jul 04| 24.519 | 56.076| 846 1675-1830 good updrafts; lightning visible and rain on ground early
R1C23| 11Jul 04| 24.841 55.954| 949 2286-2804 good updrafts; rain on ground only during last 2 flares
problems with right flares; strong gust front;
R1C24| 11Jul04| 25.097 | 55.962| 1028 2895 no precipitation on ground observed
Rocs4| 11Jul0a| 24657 | 55.777] 1258 2745 slight rain o_n_g_r_ound to begin with; moderate updrafts;
very poor visibility
light rain on screen to begin; moderate updrafts;
R2C55| 12Jul 04| 24.426 | 56.179| 829 2745 rain on ground: no lightning
R1C25| 12Jul0a| 24992 | 56.017| 1036 3110 ggc;gﬂnudpdrafts; on edge of heavy rain-shaft; rain reaching
R2C56| 12Jul 04| 23.896 | 56.485| 1040 2440 rain on ground at begin; good updrafts; no lightning
R1C26| 13Jul 04| 23.945 56.326| 913 3355 early in growth; no rain during seeding; moderate updrafts
R2C57| 13Jul 04| 24.264 | 56.288| 1054 3050-3200 light rain
R2C58| 13Jul04| 24.673 | 56.228| 1122 3200-3355 light rain

Source: DAS and NCAR, 2004.
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Lower cloud bases clouds were the earlier seedable storms which developed the required
characteristics of updraft and solid base. However, as discussed in section 3.2, mostly all the summer storms of

this area can be amenable to hygroscopic seeding.

3.5 General discussion

In this chapter, the problem of the water resources shortage in Oman was briefly discussed as being the
motivation of this study. The hygroscopic seeding project in the UAE including the Omani mountains was
highlighted. The characteristics of the regional clouds and their amenability to hygroscopic seeding were
discussed. The regional clouds were subdivided into eight cloud types but the boundary layer cumulus and

deeper cumulus with relatively high bases were the dominant clouds.

The study period of 10 days, 5-14% of July 2004, was selected to include Non Active, Active and Very
Active days over the mountains. The radar at Al Ain was used to investigate the development of the convective
storms over the Al Hajar Mountains.

The satellite images were also used when no radar data were available on the 13 and the 14t of July
2004. The images show there was no convection on the 5" (Non Active day), isolated convection on the 6t-9th
(Active days), very widespread convection on the 10t-13% (Very Active days) and limited convection outside of
the SSA on the 14 (Non Active day over the SSA).

The radar images showed that the storms were seen first semi-stationary over the eastern part of the Al

Hajar Mountains or then moved to the west according to the steering wind. Wind convergence zones were

identified as favourable areas for convection.
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Chapter 4 Data Analysis and Results

4.1 Introduction

The data used here are the NCEP re-analysis data, prognostic fields of the regional model MM5, surface
observations at individual stations and upper air data. The convective clouds over the Al Hajar Mountains are
considered to occur on the mesoscale and mostly results from the favorable surface conditions, which in turn are

influenced by the synoptic scale flow (Al-Maskari, 2008).

The synoptic conditions are discussed use the geopotential heights from NCEP (as discussed earlier in
2.1.5). The prognoses of the regional model MM5 (mentioned earlier in 2.1.4) are verified in order to ascertain its
reliability in predicting the general synoptic conditions. The prognostic fields are then used to describe the
atmospheric conditions leading to convection. The impact of the synoptic conditions on the mesoscale circulation
is then discussed through the surface observations. The upper air data from Seeb (OOMS) and Abu Dhabi
(OMAA) are discussed to investigate the atmospheric instability. Some sounding parameters are also analyzed.

Ultimately, a general discussion is provided which includes the results found from the analyzed data.

4.2 Synoptic conditions
4.2.1 NCEP data

A. 1000 hPa analysis
The 1000 hPa geopotential pattern at 0600 UTC was similar for the two Non Active days of the 5" and

141 of July. On both days the SSA was influenced by a trough of low pressure located to the northeast of
Pakistan and a ridge over Iran (Fig. 4-1A & H). The deep trough extended over the entire eastern part of the
Arabian Peninsula causing the dry southwesterly winds to prevail over the area. Another low pressure system
was located over the Red Sea. There was no clear closed heat low pressure over the Peninsula, unlike the
Active days, from the 6" to the 9t of July, (Fig. 4-1B-D) and the Very Active days, from 10t to 13t of July (Fig. 4-
1E-G).

On the 61 of July, the day of the onset of the convection, the high pressure ridge over Iran deepened to
the south and extended a ridge over the Straight of Hurmuz, northern Oman. This forced the trough over
Pakistan to split and a closed heat low pressure cell formed over the UAE and the northwestern part of Oman.
The geopotential height gradients weakened over the SSA and the westerly wind speed was lighter than on the
5t of July. This caused the flow from the Gulf of Oman to propagate westward through the gaps in the
mountains. Resulting in an increase in the surface moisture especially over the norther part of the SSA (Fig. 4-

1B). The low pressure deepened on the 7t of July and remained dominant on the 8t of July when it extended to
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the south of the Arabian Gulf and caused very tight geopotential height gradients in the west of Oman and the
UAE (Fig. 4-1C). These tight gradients insured southwesterly to southerly flow over Oman and SSA and moisture
was advected from the Arabian Sea. By the 9t of July the low pressure deepened further with the geopotential
height in the centre of the low at -20 gpm to the southwest of the UAE, Qatar and the northeastern part of KSA
(Fig. 4-1D). Very tight geopotential gradients around it kept the flow over Oman moist southerly to southeasterly,
resulting in an increase in the surface moisture over the mountains from the south. Consequently, the convection
observed over the mountains started early at about 0800 UTC (see section 3.3). A secondary low pressure
developed over Iraq by the 10t and the 11t of July when the Red Sea low pressure system merged with the heat
low in the north of the Arabian Peninsula. This low pressure reached a maximum depth on the 11t of July, when
the maximum convection also occurred. NCEP showed the centre of the low pressure at -35 gpm (Fig. 4-1E).
The trough extended to the south and deepened into the Arabian Sea, resulting in a dominant moist southerly
flow over the eastern Peninsula and the northern Al Hajar Mountains. The moist air was orographically lifted over
the mountains and converged with the sea breeze from the Gulf of Oman and a multi-cellular storm system
developed over the entire mountains. On the 12t of July the low pressure over Iraq disappeared and the centre
of the heat low was over the northeastern part of the Arabian Peninsula (Fig. 4-1F). The low pressure started to
fill in but the flow over the SSA was almost similar to the 11t and the convection also started early and was very
active. The low pressure system over the centre of the Red Sea redeveloped and another low pressure cell also
developed over Pakistan. The dominant heat low over the northeastern part of the Peninsula started to weaken.

The synoptic situation on the 12t of July was similar to the 9" of July except that the trough was deeper
on the former day and extended to the south of the Peninsula up to the Arabian Sea. This allowed a more moist
southerly flow over the eastern part of the Peninsula and hence the convection was very active. On the 13" of
July the heat low pressure system started to fill in (Fig. 4-1G). Slack geopotential height gradients were observed
over the SSA. This meant the moist southerly flow became somewhat weaker than it was during the previous two
days. However, the flow was still southerly to the south of the mountains. Added to this, the SSA area was still
moist from the previous days’ rainfall and so the day was Very Active. The Pakistan’s low pressure system was
deepening and its trough extended over the Gulf of Oman on the 14t of July (Fig. 4-1H). A dry westerly air mass
now dominated the flow over the area. There was no convection over the SSA on the 14 of July but isolated
cells were observed to the southern parts of the Eastern Hajar Mountains.

To summarise, the 1000 hPa synoptic conditions favourable for the development of convective clouds
over the Al Hajar Mountains are the existence of a closed heat low pressure over the Arabian Peninsula. The
position and the depth of this low pressure controls the wind flow over the eastern side of the Peninsula. The
Very Active days occurred when the heat low was almost in the centre of the Peninsula and the trough deepened
to the southern extremes. This causes the flow over the eastern parts of the Peninsula, including the Al Hajar
Mountains, to be moist southerly as the air originated from the Arabian Sea.
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Figure 4-1:
2007).

The geopotential heights (gpm) at 1000 hPa from the 5t to the 14t of July. (Adapted from: NCEP,
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The deeper the trough is, the more moisture is that advected towards the mountains. This results in
earlier daily development of convection over the mountains (10?12t of July). If the heat's low position moves
from the centre of the Peninsula, the trough in the south will start to fill in, causing less moisture to be advected
from the Arabian Sea towards the mountains. This results in less convection over the mountains (61-9t of July).
The disappearance of the heat low permits the Pakistan trough to dominate over the area with a dry northwesterly
flow over the SSA. This happened on the 5t and the 14t of July over the SSA.

B. 850 hPa analysis
On the 5% of July the geopotential height analysis at 850 hPa indicated that the SSA was influenced by

two low pressure systems; one over Pakistan and the other one was over the southeastern Arabian Peninsula
(Fig. 4-2A). This kept a dry northerly flow over the eastern part of the Arabian Peninsula and it was a Non Active
day. The low pressure system in the southeast extended a trough to the west on the 6% of July and a high
pressure system developed to the northwest of KSA (Fig. 4-2B). This caused weak geopotential height gradient
over the SSA. The flow was still dry northerly but some convection was observed over the SSA.

Figure 4-2: The geopotential heights (gpm) at 850 hPa for the 5t (A) & the 6t of July 2004. (Adapted from:
NCEP, 2007).

On the 7t of July (Fig. 4-3A) the low pressure system centred over southern Iran expanded and
extended a trough over the Arabian Gulf to the UAE and Oman. The low pressure system located over Pakistan
formed an individual cell and had no effect over the Peninsula. Over the central part of the Peninsula, the high
pressure system still dominated, with the low pressure system to the south. The northerly flow was not dominant
anymore and the convection was more active than on the 6 of July. The low pressure system centred over
southern Iran became deeper on the 8" of July (Fig. 4-3B) with the second low still prevailing over the SSA
suggesting a light southwesterly wind over the SSA and a southeasterly wind in the south. The observed

convection was more active than the day before and started later in the day to the west of the mountains (see
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section 3.3). The Arabian Gulf and the UAE were still under the influence of the trough from the northern low

pressure system.

The high pressure system over the central part of the Arabian Peninsula disappeared on the 9t of July
(Fig. 4-3C) while the low pressure systems over the Arabian Gulf and the southeastern Peninsula (Fig. 4-3B)
merged to form a deep low pressure over the northern Peninsula but extending a trough to the southeast. The
position of the low pressure system coincided with the low at 1000 hPa, resulting in a deep moist southerly flow
over the eastern Peninsula allowing early convection to develop over the mountains peaks. On the 9" of July, a
deep low pressure system was located over eastern Iran but with no effect over the Arabian Peninsula. On the
10t of July, two low pressure systems were visible (Fig. 4-3D). The entire Arabian Peninsula was under the
influence of the trough and the flow was moist southerly over the eastern Peninsula. This day was the beginning
of the Very Active period as early convection started in the south and spread over the entire Al Hajar Mountains.

Figure 4-3: The geopotential heights (gpm) at 850 hPa for the 7t (A), 8t (B), 9t (C) & the 10t (D) of July 2004.
(Adapted from: NCEP, 2007).

On the 11t of July, the low pressure deepened further to the south into the Arabian Sea (Fig. 4-4A)
resulting in tighter geopotential height gradients over the eastern Peninsula. This produced a strong moist
southerly flow over the mountains and hence, very active convection occurred. The synoptic pattern remained for

the next day (12t of July) but with a deepening of the low pressure system over the central Peninsula (Fig. 4-4B).
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On the 13® of July, the low pressure started to fill up and shifted a little further southwest (Fig. 4-4C). The low
pressure system over northern Iraq joined the one east of Iran and the trough extended over the Gulf of Oman. A
weak geopotential height gradient prevailed over the eastern Peninsula with the northwesterly wind starting to

affect the northeastern parts of Oman.

On the 14t of July, the low pressure system over the central Peninsula became wider and moved to the
south (Fig. 4-4D). The influence of the heat low diminished over the SSA and the low pressure over Pakistan

became more dominant.
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Figure 4-4: The geopotential heights (gpm) at 850 hPa for the 11t (A), 12th (B), 13th (C) & the 14th (D) of July
2004. (Adapted from: NCEP, 2007).

The synoptic pattern at 850 hPa was similar to the 1000 hPa pattern. The 1000 hPa low pressure
system over the Arabian Peninsula extended vertically to the 850 hPa pressure level and was located at

approximately the same geographical position.

The synoptic conditions at 850 hPa became favourable for convective development when the heat low
pressure was located over the centre of the Arabian Peninsula with a trough deepening to the south as seen on
the 10t-12% of July. This resulted in a moist southerly flow over the eastern part of the Peninsula with moisture
advected from the Arabian Sea which enhanced the convection over the Al Hajar Mountains.
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The intensity of convection is very sensitive to the position of the low pressure system. A change in the
position of the low pressure over the centre of the Peninsula results in a weaker trough in the south and
consequently less moisture being advected over the mountains from the Arabian Sea and therefore less
convection. The weakening of this low pressure causes a slackening in gradients over the mountains and
convection is limited. When the Pakistan’s low pressure system dominates, the flow over the Peninsula becomes

dry northerly over the mountains and hence no convection results.

C. 500 hPa analysis
The 500 hPa geopotential heights show that the dominant pattern during this period was a strong high

pressure system and a ridge affecting the entire area. This semi permanent high pressure kept the upper air dry.

On the 5 of July, there was a high pressure system situated west of the Arabian Peninsula and another
one located south of Iran extending its ridge over northern Oman (Fig. 4-5A). Between these two systems, a
trough extended from the Arabian Sea low pressure system affecting the southeastern part of the Peninsula. The
two high pressure systems joined to form a strong high pressure system over the northern parts of the Peninsula
by the 7t of July (Fig. 4-5B). The SSA was now under the influence of a high pressure ridge which became weak
on the 10" and propagated westward to the northern parts of the Red Sea with a weak geopotential height
gradient over the SSA (Fig. 4-5C).

By the 11t of July, a closed high pressure system was over the Arabian Sea and southeastern coast of
Oman (Fig. 4-5D). This high pressure moved northward by the 121 of July to cover the SSA and the Gulf of
Oman (Fig. 4-5E). On the 13" of July the high pressure system returned to the central Peninsula extending its
ridge over SSA (Fig. 4-5F).

The main synoptic character of the 500 hPa was the dominant high pressure system over the entire
area. This was responsible for the prominent dry and stable mid-tropospheric layer normally found (Seeb and
Abu Dhabi soundings, see section 4.4) around the 500 hPa level. However, it appears as if the 500 hPa high had

very little influence on the convection over the mountains.

In fact, the synoptic circulation on the lower levels such as 850 hPa and 1000 hPa is more important for
the development of convective clouds. It is therefore proposed that the 500 hPa pressure level is less important
and will not be considered for the forecasting of thunderstorms over the Al Hajar Mountains in summer in this
research.
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Figure 4-5: The geopotential heights (gpm) at 500 hPa for the 5t (A), 7t (B), 10t (C), 11th (D), 12th (E) and 13th

(F) of July. (Adapted from: NCEP, 2007).

4.2.2 The mesoscale model (MM5)

The MM5, as described before in 2.1.4, was used to forecast the development of convection over the
SSA during the seeding project. In this part, a short discussion on the capability of this model to predict the
general synoptic situation is provided by comparing some of its products to the NCEP data.

55



NIVERS
NIVER
UNIBE

ITEIT VAN PRETORIA
SITY OF PRETORIA
SITHI YA PRETORIA

(@

<cc

The mean sea level prognosis, valid at 0600 UTC, showed that on the 5" of July the area was affected
by a broad trough extending from the low pressure located over Iran (Fig. 4-6A). The trough was clearly
connected to the northern low pressure system and there was no heat low predicted to be present over the
Arabian Peninsula. The pressure over the entire Peninsula was generally between 1002 hPa and 999 hPa (Fig.
4-6A).

At the model indicated surface temperatures there was certainly a heat effect. The main aspect is the
weak pressure gradient and therefore no moisture inflow. The weak trough suggests that the flow over the SSA
should be light westerly to northwesterly with dry desert air present. This is supported by surface temperatures
over 40 °C with negative dew point temperatures at most of the observation stations and therefore does not

support convective development over the mountains.

On the 7t of July, when convection did occur, a closed heat low of 999 hPa was predicted to be west of
Oman between the UAE and KSA (Fig. 4-6B). The temperatures in the area between the UAE and KSA were
predicted temperatures to be above 409C. This resulted in the development of the heat low as an independent
low pressure system and not connected to the low in the north. The northwesterly wind, reported by most of the
observation stations in the south, west of the mountains was not as dry as on the 5% of July. A locally generated
northwesterly wind off the Arabian Gulf is not as dry as when the synoptic circulation causes the wind to arrive
from the northwest from the Arabian Desert, or is drawn from the north from the Iranian desert north of the
Arabian Gulf. On the 7t of July, unlike the 5" of July, the wind was not westerly over the entire SSA area as
easterly winds occurred in the north as reported in many stations like Hatta, Al Malaiha and Al Shiweb (see
section 4.3.2). It is likely that this wind brought moisture from the Gulf of Oman and as a result, isolated

convection was seen over the convergence zones created by the wind circulations (see section 3.3.2).

On the 10" of July the low pressure system was predicted to have a central pressure of 996 hPa and
enclosed the entire center of the Arabian Peninsula (Fig. 4-6C). The Figure also indicates the deepening of the
trough in the south and the southerly flow therefore became dominant over the eastern part of the Peninsula.
The position of the heat low and its deepening to the south caused monsoonal moisture from the Arabian Sea to
be advected northwards to the Al Hajar Mountains and enhanced moist convection. As a result, this was one of
the Very Active days with the convection developing early over the mountains peaks.

On the 14t of July the synoptic situation was almost like the one on the 5% of July with a return to a
weak pressure gradient, the pressure being generally about 1002 hPa (Fig. 4-6D). There was no marked heat
low represented over the Peninsula and the trough was connected to the northern system, resulting in dry air.
However, there was limited convection far to the south where the moisture was available over the Eastern Hajar
Mountains. Otherwise, the atmosphere was dry and no convection was reported over the SSA.

56



R

TSR

T

&0 70 80 ET) = &0 70 50

Figure 4-6: The MMS5 prognosis of mean sea level pressure (hPa) on the 5t (A), 7t (B), 10th (C) and 14th (D)
July 2004 at 0600 UTC (solid lines) and temperatures in °C (red lines). Contour intervals of the

isobars are 3 hPa.

The prognosis of 850 hPa geopotential height on the 5t of July indicates the broad trough over the
entire area (Fig. 4-7A). The wind vectors showed the westerly to northwesterly winds over the SSA. This brought
in dry air and prevented convection. The cyclonic wind circulation indicates the low pressure system located over

the southeastern Peninsula.

On the 7 of July (Fig. 4-7B) the 850 hPa trough was predicted to extend from the northeast and
became a closed low over the eastern part of the Peninsula. However, the cyclonic wind circulation indicated that
the trough extended from the low pressure located northwest of the Arabian Gulf. The dry westerly wind was not

predicted over the SSA and hence convection developed in some places over the SSA.

On the 10" of July, the 850 hPa geopotential height prognosis showed a deep trough of low pressure
dominating over the centre of the Peninsula (Fig. 4-7C). The centre of the low pressure was depicted by the
cyclonic winds and the wind speed near the centre of the low pressure system was predicted to be 25 kt. The
wind victors also showed the moist southerly flow over the Western Hajar Mountains where strong convection

developed.
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Figure 4-7: The MMS5 prognosis of 850 hPa geopotential heights (blue lines), winds (kt) and air temperatures
(°C) on the 5t (A), 7th (B), 10th (C) & the 14t (D) of July 2004 at 0600 UTC.

On the 14" of July, the trough moved to the northeast of the governorate of Musandam and the wind
vectors indicated the dry westerly wind over the UAE and northern Oman (Fig. 4-7D). Limited convection
occurred over the mountains and to the south of the SSA.

In general, the mean sea level pressure, valid at 0600 UTC, showed good correlation with NCEP re-
analysis data in predicting the main features of the synoptic situation of the area. The MM5 850 hPa geopotential
heights prognosis, valid at 0600 UTC and the NCEP geopotential heights at 850 hPa were also in good
agreement if the wind circulation of the MM5 are taken into consideration. The general synoptic situation showed
a significant difference between the Non Active, Active and Very Active days. The main feature was the
existence of the heat low pressure system over the Arabian Peninsula and its dominance over the area. The
position of the low pressure and how it intensified and deepened over the area are other significant factors for the
convection development over the Al Hajar Mountains.

The dominance of the heat low over the centre of the Arabian Peninsula with a trough deepening
towards the Arabian Sea is considered the most favourable condition for assisting very active development over
the Al Hajar Mountains. The deep trough forces the cyclonic wind to flow strong southerly over the eastern part

of the Peninsula. The southerly flow over the region is associated with the monsoon it assures the advection of
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moisture from the Arabian Sea. The influence of the southerly winds on moisture over the SSA can be seen in
Figure 4-8. On the 10" of July, MM5 predicted water vapour mixing ratio (WVMR) values of 14-15 g/kg over the
SSA (Fig. 4-8A). On the 14t of July, as the winds became southwesterly, the WVMR values plummeted to less
than 11 g/kg (Fig. 4-8B). In the south, where isolated convection occurred on the 14" of July, the WVMR

remained close to 13 g/kg.
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Figure 4-8: The MMS5 prognosis of the surface water vapor mixing ratio in g/kg (color contours) and the wind
(kt) on the 10t (A) and 14t (B) of July 2004 at 0600 UTC.

4.3 The Impact of the synoptic conditions on the mesoscale development

4.3.1 Coastal stations

As discussed in chapter 2, the coastal stations used in this study were divided into two categories. They
are divided to represent stations east of the SSA, Sohar and Seeb (Fig. 4-9A) and west of the SSA, Ghantuat, Al
Samha and Abu Dhabi (Fig. 4-9B).

During this study period, the wind at Seeb was generally on-shore (northeasterly) with a wind speed of
5-15 kt. This wind normally starts at 0600 UTC unless delayed by a synoptically generated opposing
southwesterly wind. On the 5" of July the trough of low pressure situated over Pakistan caused fresh
southwesterly winds to blow over the station from early morning. The southwesterly wind was also observed for a
couple of hours before it turned into northeasterly on the 12, 13" and 14t of July. Normally, the southwesterly
or westerly winds at Seeb and Sohar stations are very dry and hot and cause the surface temperature to rise
suddenly with an accompanying dramatic drop in the dew point temperature. Westerly winds originate over the
mountains and as the air is forced to descend towards the coast, it warms at the dry adiabatic lapse rate. This
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happened on the 5t of July when the maximum temperature at Seeb was 44 °C and was recorded early at 0600
UTC.

Majis (Sohar)

OMAN

tam Al Shaklah

Figure 4-9: Regional maps showing the eastern coastal stations (A) and the western coastal stations (B)
marked by red circles/ellipsoids. The three inland analyzed stations are marked by yellow
circles/ellipsoids (B).

Figure 4-10 shows the dry hot air at 0600 UTC while it became moist and cooler at 1000 UTC as the
wind turned northeasterly. Figure 4-10 indicates the relationship between the wind direction and the surface
temperature and moisture. At 1000 UTC the flow become on-shore from the Gulf of Oman, the surface
temperature dropped and the dew point temperature increased. The synoptically generated southwesterly wind
was dominant, but eventually the flow became on-shore as the sea breeze became strong enough to oppose the
southwesterly wind, but without any effect on convective development. The implication is that the dry westerly
wind in the morning restricted the sea breeze to the coast until it was too late to aid convection, resulting in the 5
of July being a Non Active day.
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Figure 4-10: The hourly temperature (blue) and dew point temperature (pink) in °C on the 5t of July 2004 at

Seeb from 0100 UTC to 1400 UTC. The wind direction in degrees and time (UTC) is given below.

After the 5% of July, there were no prevailing southwesterly winds during this study period and the
maximum surface temperature was not reached early. For example, the maximum temperature on the 6t of July
was only 35 °C and occurred at 0900 UTC. Another example is the 11t of July which was a Very Active day (Fig.
4-11). The day started cooler with much higher dew point temperatures than on the 5t of July as the wind was

an on-shore easterly to northeastly from the onset.
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Figure 4-11: The hourly temperature (blue) and dew point temperature (pink) in °C on the 11th of July 2004 at

Seeb from 0100 UTC to 1400 UTC. The wind direction in degrees and time (UTC) is given below.
At Sohar, to the north of Seeb (Fig. 4-9A), the flow was generally on-shore during this study period and

the wind strength between 5-15 kt during the Active Day Period (ADP). This was also true for the Non Active

days of the 5" and the 14, The maximum surface temperature varied between 35-39 °C and the maximum dew
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point temperature was 26- 30 °C. The on-shore flow at this station did not always reach the mountains to aid the
development of the convection.

The observations from the three western coastal stations along the Arabian Gulf, Ghantuat, Al Samha
and Abu Dhabi (Fig. 4-9B) experienced an increase in the dew point temperature with a westerly on-shore wind.
However, there were some notable differences. At Ghantuat the air became very moist when the wind direction
veered beyond 2000. More moisture is advected when the wind blows from west or northwest than from the
south, which is off the desert. A good example was on the 5™ of July when at the start of the ADP the winds were
almost southerly (1900), resulting in @ minimum dew point (11 °C) and a maximum temperature (41 °C) recorded
at 0745 UTC. After 15 minutes, the wind turned southwesterly (220°) and the dew point temperature increased
by 7 °C. However, on the 6 of July when the wind direction was westerly (270°) the maximum surface
temperature at Ghantuat was 6 °C cooler than on the 5 of July.

4.3.2 Inland stations

The observations of three different inland stations are analyzed here in order find the main
characteristics of the temperature, dew point and the wind on Non Active, Active and Very Active days during this
study period. The stations are Al Foah, Jabal Hafeet and Hatta (Fig. 4-9B).

On the 5" of July, at Al Foah, situated west of the mountains, the wind was southwesterly at the
beginning of the ADP but then turned to northwesterly after 1000 UTC, causing the dew point temperature to drop
to negative values (Fig. 4-12A). The Figure indicates the dry air over the station as the temperature was mostly
around 45 °C and accompanied by negative dew points. A northwesterly wind at this station is generally dry as
the air originates over the mountains of Iran. However, it is occasionally associated with a sea breeze circulation
and therefore with higher dew point temperatures (as discussed in section 4.3.3). In Figure 4-12B the dew point
temperature increased by 13 °C in 15 minutes, just after 1400 UTC as the wind turned northwesterly and the
influence of the sea breeze became apparent. The trough associated with the Pakistan low pressure started
weakening by the 6" of July (Fig. 4-1B) and the synoptically induced influx of dry air mass into the SSA
decreased. However, the increase in dew point temperature happened late on the 6t and was not associated
with convective development in the area (see section 3.3.1). The northerly/northwesterly wind continued on the
7t of July, causing the dew point temperature to drop gradually at the beginning of the ADP but not reaching
negative values this time (Fig. 4-12B). Some convection was observed after 1100 UTC over the area east of the
station. The wind turned northeasterly at 1300 UTC and probably reached the mountains after propagating
through the valleys in the mountains. The mixing of the two air masses, the northwesterly and the northeasterly,
created a convergence zone which helped the convection to take place and some convective clouds were
observed after 1330 UTC (see section 3.3.2).
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