
ABSTRACT 

Eager, Rebecca Elaine.  An Investigation of the Coastal Circulations and Aerosol 
Transport in the Arabian Gulf Region.  (Under the direction of Dr. Sethu Raman.)  
 
 An observational and modeling study was performed over the Arabian Gulf 

region to investigate the coastal circulations and aerosol transport in the area.  

Climatological data and observations from the United Arab Emirates – Unified Aerosol 

Experiment (UAE2) were used to develop a better understanding of the complex 

meteorological processes in the Arabian Gulf region.  The geography of this region is 

unique because it can cause land-sea-air-land interactions that will modify the overlying 

air masses.   

 Climatological data suggests that sea breezes occur on more than 77% of days in 

all months of the year and land breezes occur on more than 70% of the days.  The 

occurrence of the sea and land breeze circulations are higher (90-99%) during the 

summer months when large-scale weather patterns are quiescent.  The timing and 

horizontal extents of the sea breeze circulation, both onshore and offshore were 

determined by a network of surface meteorological stations throughout the UAE.  Sea 

breezes typically form along the southern Arabian Gulf coast between 1300 and 1600 LT.  

Further inland and offshore, the sea breeze circulation forms between 1600 and 1900 LT.  

The vertical extent of the sea breeze circulation was determined using radiosonde 

observations.    

Measurements of aerosol concentration taken during the UAE2 experiment are 

used to investigate aerosols, namely dust, transported in the Arabian Gulf region.  

Vertical profiles of dust concentration along with vertical profiles of potential 

temperature and wind are used to determine the source region, transport distance, and 



height of the dust layer.  The aircraft aerosol vertical profiles suggest highest dust 

concentrations occur near the surface. 

 Numerical simulations of two periods during the summer of 2004 were performed 

to test the ability of a mesoscale model to resolve the sea breeze circulation.  The 

Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS®) was used in the 

numerical simulations.  A statistical evaluation of COAMPS® was also done for a two-

month period from August to early October 2004 to determine the model root mean 

square error and bias error in predicting surface variables, vertical profiles, and the 

planetary boundary layer height.  COAMPS® model error is smaller during the daytime 

than the nighttime for the surface variables and forecast integration time does not appear 

to have an effect on the model forecast errors.  Error in the predicted boundary layer 

height increases with model integration time. 
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CHAPTER 1. INTRODUCTION 

Regions of complex topography create complex meteorological processes.  Land-

air-sea interactions cause air mass modification in coastal regions.  Coastal locations are 

unique because of the roughness and temperature gradients.  In offshore flow, air moving 

over the water becomes modified by the underlying water and a marine boundary layer 

forms downstream.  Onshore flow during the day creates a thermal internal boundary 

layer beginning at the coastline and extending over the land due to the warmer land 

surface compared to the cooler sea surface temperature.  Mesoscale processes such as sea 

and land breeze circulations develop due to surface temperature or heat flux gradients.   

Land-air-sea interactions become more complex in areas where the body of water 

is surrounded by land.  The Arabian Gulf is surrounded by land, except in the southeast 

where the Strait of Hormuz opens into the Arabian Sea (Figure 1.1).  The Arabian Gulf is 

bordered on the eastern side by the Zagros Mountains of Iran.  To the south and west are 

the deserts of the Arabian Peninsula.  The length of the Arabian Gulf is about 850 km, 

with a typical width of 250-300 km, increasing to about 600 km in the south.  These 

features of the Arabian Gulf region in addition to the quiescent large-scale meteorological 

conditions of the area allow for the study of land-sea-air-land interactions.  An air mass 

traveling over this region can potentially undergo multiple modifications in a short 

distance due to the changes in the underlying surface.   

The interaction between sea and land breeze circulations on different coastlines is 

also possible.  During the day a thermal low develops at the surface over the relatively 

warmer land and a horizontal pressure gradient develops between the land and the water.  

Maritime air moves toward the land, with a wind speed maximum at the coast.  This sea  
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Figure 1.1.   Middle East, Northeast Africa, and Southwest Asia with locations discussed in this thesis labeled. 
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breeze extends over the land until a convergence zone develops with opposing winds.  

Above the near surface onshore flow is a return flow from the land to the water.  During 

the night, the land undergoes radiative cooling and becomes relatively cooler than the 

water.  The opposite circulation sets up, with a thermal low over the water.  Air from the 

land moves offshore over the water and creates a land breeze.  The wind converges over 

the water and a return flow from the water to the land develops above the land breeze.  

The land breeze circulation is weaker than the sea breeze circulation.  Sea breezes on 

opposite coastlines can cause increased divergence and sinking motion over the center of 

the Arabian Gulf.  Land breezes forming on the coasts surrounding the Gulf during the 

night can lead to increased convergence and upward vertical motion over the center of the 

Arabian Gulf.  The presence of mountains in Oman and Iran create additional features of 

thermally-driven anabatic and katabatic winds that may augment the sea breezes and land 

breezes, similar to that found in Brunei (Hassan and Raman 2003) and in Sardinia (Melas 

et al. 2000). 

Aerosol transport in this region is dependent on the synoptic and mesoscale wind 

patterns.  Dust sources are located throughout the Middle East, most notably in the 

Tigris-Euphrates Valley of Iraq and near the Iran/Afghanistan border, as shown in Figure 

1.1.  This dust can be transported large distances if it is entrained into the atmosphere to a 

height above the boundary layer.  Dust can also be lifted along the coast and in other 

areas where the wind speed exceeds a threshold value.  This can occur daily, especially in 

the afternoon when the wind speed increases.  This dust typically remains near its source 

region.  Other sources of aerosols, including from oil refineries and sea spray, also exist 

in the Arabian Gulf region.   
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 The climate and meteorology of the Middle East have been studied previously.  

Ramage (1966) and Smith (1986a, 1986b) describe the conditions over the Arabian 

Peninsula and Arabian Sea.  Böer (1997) provides a geographic and climatological 

overview of the United Arab Emirates (UAE).  The structure (Brooks and Rogers 2000) 

and evolution (Warner and Sheu 2000) of the planetary boundary layer in the Middle East 

have been characterized during the winter and early spring.  Sea breeze and land breeze 

circulations have been studied in regions throughout the world, including in the Middle 

East.  Zhu and Atkinson (2004) found sea breezes to exist throughout the year in the 

Arabian Gulf.  This research, focusing on the months during the Southwest Monsoon, 

will increase the understanding of the mesoscale processes during the summer.   

Scientific Objectives 

 The two main scientific objectives of this research are to investigate the role of 

land-sea-air-land interactions in a complex geographic setting and to investigate the 

mesoscale processes caused by these interactions.  To accomplish these two objectives, 

several specific objectives have been formed as outlined below: 

• Determine the frequency, onshore and offshore extent, and height of the sea 

breeze circulation on the southern coast of the Arabian Gulf 

• Capture the mesoscale processes involved in land and sea breezes with a 

mesoscale model 

• Determine how often land plumes form over the Arabian Gulf and UAE region 

• Investigate the effect of land and sea breezes on visibility and aerosol transport 

The literature review in Chapter 2 provides a background of published sea breeze 

research and research done on the weather in the Middle East.  The literature review is 
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followed by five chapters focusing on the scientific objectives.  Chapter 3 describes the 

United Arab Emirates – Unified Aerosol Experiment (UAE2) that took place in 2004.  

Chapter 4 presents observations in the UAE including climatological data and 

observations from the UAE2 experiment.  An overview of the mesoscale model used in 

this research, the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS®) 

is given in Chapter 5.  The results of a statistical evaluation of COAMPS® for a two-

month period are given in Chapter 6.  Two case studies, one of a day with a developed 

sea breeze and one when no sea breeze formed, were performed using COAMPS® are 

discussed in Chapter 7.  Chapter 8 provides conclusions of this research.    
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CHAPTER 2.  LITERATURE REVIEW 

 Numerical simulations and observational studies have focused on various aspects 

of the mesoscale flows caused by the land-water differences.  Sea breezes, land breezes, 

and lake breezes form due to temperature, pressure, and roughness differences between 

the land and the water surfaces.  Studies have been done to look at the influences of 

onshore and offshore synoptic winds (Bechtold et al. 1991, Arritt 1993, Wakimoto and 

Atkins 1994, Gilliam et al. 2004), the width of the land mass (Xian and Pielke 1991), 

topography and coastline curvature (Simpson 1996, Baker et al. 2001, Kalthoff et al. 

2002, Hassan and Raman 2003, Gilliam et al. 2004), and land cover changes (Marshall et 

al. 2004).  Case studies of sea breeze circulations have been done in many locations 

throughout the world (Physick and Abbs 1991, Wilczak et al. 1991, Boybeyi and Raman 

1992, Wakimoto and Atkins 1994, Banta 1995, Melas et al. 2000, Hadi et al. 2002, 

Kalthoff et al. 2002).  Several papers have been written on the influence sea breezes have 

on the atmospheric and marine boundary layers (Raynor et al. 1979, Plant and Atkinson 

2002, Feliks 1994).  Sea breezes can also influence the timing of precipitation, such as 

that found to occur over the Florida peninsula (Wilson and Megenhardt 1997, Baker et al. 

2001).  Sea breezes can interact with circulations induced by urban heat islands and affect 

the transport of pollutants (Ohashi and Kida 2002).  Studies have been conducted to 

determine criteria for predicting sea breeze circulations (Miller and Keim 2003, Frysinger 

et al. 2003).  Sea breeze fronts have been examined through the use of observations by 

Alapert and Rabinovich-Hadar (2003).   

 Various studies have been done about the weather in the Middle East.  Some of 

these discuss the climate and large-scale meteorological features of the entire region 
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(Ramage 1966, Ackerman and Cox 1982, Smith 1986a, Smith 1986b, Wang 1994, Böer 

1997).  Other papers range from dispersion studies (Warner and Sheu 2000), to weather 

conditions during the 1991 Gulf War (Shi et al. 2004), to sea breeze studies (Zhu and 

Atkinson 2004), to understanding the atmospheric and marine boundary layers (Brooks 

and Rogers 2000) and their impact on the propagation of radar waves (Atkinson et al. 

2001). 

2.1. Idealized Sea Breezes 

Rotunno (1983) describes linear models of the sea breeze and land breeze 

circulations.  Using periodic forcing he finds their response to diurnal heating varies by 

latitude.  For latitudes equatorward of 30°, internal-inertial waves are created that radiate 

away from the coastline.  The sea breeze circulation lags the daytime heating by 180°.  

When this linear model includes friction, the lag decreases (becomes less than 180°) as 

frictional effects increase.  The horizontal influence of the circulation is on the order of 

Nh(ω2-f2)-1/2, where N is the Brunt-Vaisala frequency, h is the vertical scale of the 

heating, ω is the frequency under which the land is heated and cooled, and f is the 

Coriolis parameter.  For latitudes poleward of 30°, an elliptical flow pattern is formed. 

Dalu and Pielke (1989) expands on the work of Rotunno (1983).  This study 

employed the use of nonperiodic forcing, rather than periodic forcing.  Using a step 

function forcing for diurnal heating, the nearest forcing to reality, the lag time between 

the forcing and the sea breeze circulation increased as the distance inland increased.  The 

sea breeze decayed rapidly when the diabatic forcing was removed.  The intensity of the 

sea breeze grows more quickly, reaches higher values, and moves further inland at low 
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latitudes.  Friction was found to control the intensity of the onshore flow and the inland 

penetration of the sea breeze better than inertia at low latitudes.  

2.2. Controls on Sea Breeze and Land Breeze Circulations 

 Sea breeze and land breeze circulations are affected by many different factors.  In 

the next sections, these different aspects will be discussed.  They include the following:  

onshore and offshore winds, land mass width, topography and coastline shape, and land 

cover changes. 

2.2.1. Onshore and Offshore Winds 

Bechtold et al. (1991) used a two-dimensional mesoscale model to determine the 

effects of parallel, onshore, and offshore geostrophic winds on sea breeze circulations and 

on inland (vegetation) breezes.  Vegetation breezes form near the barrier where two 

different types of vegetation meet, such as between cropland and forest.  This type of 

inland breeze is a thermally driven breeze formed by differential heating due to 

differential stomatal resistances.  For the case of the sea breeze, the intensity of the sea 

breeze was determined by the vertical velocity at the location of the sea breeze front.  

Cross-coast geostrophic wind speeds varied from –5 m s-1 to +15 m s-1.  The most intense 

sea breeze occurred for offshore winds of about 5 m s-1, where the propagation speed of 

the sea breeze front is balanced by the geostrophic wind speed and the front remains 

stationary respective to the coastline.  Offshore winds stronger than 5 m s-1 overwhelm 

the sea breeze in general.  Also, there is a weakening of the sea breeze circulation when 

there is a 5 m s-1 onshore flow. 

Vegetation breezes have been studied in more depth by Hong et al. (1995).  

Vegetation breezes form due to heterogeneity of surface characteristics and thermal flux 
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differences near the interface between bare soil and vegetated soil.  Upward motion 

occurs over the bare soil and downward motion occurs over the vegetated soil.  By 

varying the soil type between sand, loam, and clay, it was found that the vegetation 

breezes are the strongest for sandy soil with u-wind speeds of 5.8 m s-1 and vertical 

velocities of 21.1 cm s-1.     

Another two-dimensional numerical model was used by Arritt (1993) to examine 

the ambient wind effect on the sea breeze development.  This study expanded on the 

Bechtold et al. (1991) study by varying the wind speed from –15 m s-1 to +15 m s-1.  He 

also found that onshore synoptic flow stronger than about 3 m s-1 will inhibit the 

formation of a sea breeze circulation because the convergence frontogenesis term is 

suppressed (unless the large-scale flow is very weak).  Calm to moderate offshore 

synoptic flow will allow the sea breeze to penetrate inland.  Positive feedback between 

convergence frontogenesis and the strength of the sea breeze front occurs in a near-

neutral stability region, which allows large vertical and horizontal velocities to form.  The 

sea breeze that just reaches the coast was found to have the strongest vertical velocity, 

similar to the results of Bechtold et al. (1991).  A very strong offshore flow will keep the 

sea breeze circulation over the water; however a sea breeze circulation did develop in 

offshore winds as strong as 11 m s-1.  Similarly to the other calm to moderate offshore 

synoptic flow cases, the offshore flow promotes convergence frontogenesis, but this 

region is statically stable, which limits the vertical velocity.  Offshore flow stronger than 

11 m s-1 suppresses the development of a sea breeze.  This is in contrast to the offshore 

wind speed of 5 m s-1 that suppresses the sea breeze circulation found by Bechtold et al. 

(1991). 
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Wakimoto and Atkins (1994) have investigated the influence of onshore and 

offshore synoptic winds on sea breeze circulations along the Florida coast.  A sea breeze 

that forms under light offshore synoptic winds causes a stronger sea breeze front due to 

convergence of the opposing flows.  Offshore synoptic winds that are very strong will 

inhibit the formation of the sea breeze.  Onshore synoptic winds typically cause weaker 

convergence and a weaker sea breeze front, if one forms at all (Simpson 1987).  Onshore 

synoptic winds will move the sea breeze further inland.   

Through the use of radar and surface observations and two- and three-dimensional 

numerical simulations, Gilliam et al. (2004) investigated the influence of the synoptic 

wind direction on the formation and intensity of sea breeze circulations along the North 

Carolina coast.  From the two-dimensional simulations, a nomogram showing the inland 

location of a sea breeze front throughout the day under various synoptic wind directions 

was developed.  This showed similar results to other studies, in that offshore winds 

restrict sea breezes from penetrating inland, while onshore winds allow the sea breeze 

front to advance further inland.  The direction of the prevailing wind also affected the 

intensity of the modeled sea breeze, based on the vertical velocity.  Sea breeze 

circulations forming under offshore flow had a maximum intensity around 1600 LT.  

Coast-parallel flow gave a slightly greater sea breeze intensity maximum than the 

intensity maximum under offshore flow.  In onshore flow, the maximum vertical velocity 

of the sea breeze occurred later in the afternoon, around 1800-2000 LT, with a similar 

intensity as sea breezes forming in offshore flow.  Other studies did not note this 

similarity; however, this was attributed this to the light synoptic wind speed (2 m s-1) that 
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was used.  Radar observations also showed a strong inland sea breeze front occurring just 

before sunset during light onshore synoptic flow. 

2.2.2. Land Mass Width 

 Sea and land breezes forming over islands are affected by the width of the land 

mass (Xian and Pielke 1991).  The strongest sea breezes form over islands that are 150 

km wide.  A narrower island causes convergence earlier in the day and weaker maximum 

vertical velocity.  A wider island causes convergence later in the day, if at all, and a 

weaker maximum vertical velocity.  Well-developed sea breezes are those that are 

associated with inland deep-heated mixed layers.  In their simulations of a typical 

summer day, the sea breeze front moved inland about 100 km during the daytime.  The 

propagation speed is similar regardless of the width of an island.  The strength of the 

geostrophic wind also affects the strength of the sea breeze.  As the onshore geostrophic 

wind increases, the convergence of the two sea breezes from both sides of the island 

decreases.  The convergence decreases because the diminished horizontal temperature 

gradient on the coast with the onshore geostrophic wind does not allow a sea breeze to 

form.  The Coriolis force affects the intensity of the sea breeze circulation with the 

strongest sea breeze intensity at 20°N and the weakest intensity at 60°N.   

2.2.3. Topography and Coastline Curvature 

 Simpson (1996) discussed the causes of observed sea breeze winds backing 

during the day rather than veering, as suggested by mathematical theory.  Numerically 

modeled sea breezes begin perpendicular to the coast and rotate clockwise to become 

parallel to the coast at sunset.  Observations sometimes indicate that sea breeze winds 

rotate counter-clockwise.  Neumann (1977) found that this could be due to the Coriolis 
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force, mesoscale pressure gradient force due to diurnal heating, or the large-scale 

pressure gradient force not affected by diurnal changes.  Simpson (1996) confirmed the 

findings of Neumann (1977) and found that the strong pressure gradients found near 

mountains can produce the counter-clockwise rotation.    

 Hassan and Raman (2003) focused on the coastal circulations over Brunei.  A sea 

breeze forms over the country between 1100 and 1200 LT daily.  It is accompanied by an 

increase in wind speed and relative humidity, and a decrease in temperature.  The 

maximum sea breeze speed is 7 m s-1 and the onshore flow can extend to an altitude of 

800 m with the return offshore flow at 1000 m.  A strong stable layer about 500 m thick 

caps the sea breeze circulation.  Within this layer, downslope katabatic winds dominate.  

During the early morning, the mountains to the south and east of Brunei contribute to the 

strong offshore flow.   

In addition to investigating the affects of synoptic wind direction, Gilliam et al. 

(2004) looked at the influence of the shape of the North Carolina coastline on sea breeze 

circulations.  The southern part of the coastline faces the south-southeast while the 

northern part of the coastline faces the southeast.  An area of stronger vertical motion was 

found at the point of intersection between the sea breezes formed along the differently 

oriented coastlines.   

2.2.4. Land Cover Changes 

A study by Marshall et al. (2004) examined numerical simulations using the 

Regional Atmospheric Modeling System over the Florida peninsula changing only the 

land-cover class.  The pre-1900 natural land cover and 1993 land use pattern datasets 

were used.  The change from natural vegetation to agriculture has increased the diurnal 
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temperature variation, weakening the upward branches of the sea breeze.  Changes in 

land cover do not change the day-to-day variations of the sea breeze circulation, but 

affect the long-term precipitation climatology established by the sea breeze.   

2.3. Case Studies of Sea Breeze and Land Breeze Circulations 

 Southeastern Australia is a region dominated by mesoscale flows caused by sea 

breeze and mountain-induced circulations.  Physick and Abbs (1991) used observations 

and three-dimensional modeling to describe the wind flow in this area.  Sea breezes occur 

on both the eastern and southern coasts of the peninsula.  The sea breezes extended 

vertically to a height of 1200 m.  Their model represented the inland penetration and 

strength of the east coast sea breeze well, but it did not perform as well in modeling the 

transition to the return flow.  The low-level easterly flow in the evening rotated 

counterclockwise to become westerly by mid-morning.  This is what is expected from 

inertial rotation, but in this case, there were additional contributions due to nonlinear 

pressure gradient force and frictional effects. 

 Wilczak et al. (1991) studied the characteristics of the atmospheric boundary layer 

near Santa Barbara, California using observations and numerical simulations.  The 

synoptic flow in this area is light and northwesterly.  Sea breezes form about 1200 PDT 

and end by 2100 PDT, while drainage flows off the mountains dominate the nighttime 

wind regime.  Over the coast at the Santa Barbara Channel, there is a divergent sea 

breeze, which causes the boundary layer depth to be shallow (about 100 m).  This region 

of the coast also produces two eddy features in the surface wind field, the first being the 

midchannel eddy, which is formed in the early morning (0520 PDT) through the 

convergence of easterly flow along the coast and the northwesterly winds flowing into 
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the Santa Barbara Channel.  The intensity of the midchannel eddy is dependent on the 

initial stratification of the atmosphere, with more intense eddies forming as stability 

increases.  The winds at the center of this vortex are strongly divergent.  The eddy 

diminishes in strength in the late morning, but reforms before sunset.  A second eddy, the 

Gaviota eddy (Smith et al. 1983), forms by 1200 PDT due to the same surface heating 

that drives the sea breeze circulation.  Sensitivity studies showed the formation of the 

Gaviota and midchannel eddies is dependent on the presence of inland surface heating. 

 Boybeyi and Raman (1992) modeled the sea breeze circulation over the Florida 

peninsula in order to better understand the dynamics of the sea breeze and how it is 

related to deep convection.  The influences on the development of the sea breeze 

circulation were investigated through several sensitivity studies of a three-dimensional 

mesoscale planetary boundary layer model, including changing the ambient wind 

direction, decreasing the ambient wind speed, holding surface roughness constant 

between the land and water, and removing Lake Okeechobee.  Primary and secondary sea 

breeze convergence zones form over the Florida peninsula under both southeasterly and 

southwesterly winds.  For southeasterly (southwesterly) winds, the primary convergence 

zone forms on the west (east) coast, and the secondary convergence zone forms on the 

east (west) coast.  Lake Okeechobee affects the timing and location of precipitation in 

south Florida.  When the ambient wind speed is very light (u=0.1 m s-1, v=0.1 m s-1), two 

sea breeze convergence zones, one on each coast, form with similar intensity.      

 Banta (1995) studied the sea breeze circulation that forms in Monterey Bay, 

California.  From Doppler lidar data, two separate sea breezes were found.  The first 

extends upward to about 300 m and the second is above the lower sea breeze and extends 
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to 1 km.  The surface sea breeze forms in the morning, but does not have a return 

circulation.  The upper sea breeze forms in the late morning and combines with the 

surface sea breeze in the afternoon.   The surface sea breeze is thought to be due to the 

local temperature differences between the land and sea, while the upper sea breeze is 

formed by the regional scale temperature differences. 

Kalthoff et al. (2002) used observations and modeling results to investigate the 

mesoscale wind field in Chile at 30°S in March (austral autumn).   This area of Chile is 

very dry, with little vegetation and clear skies, except for fog in the mountain valleys.  

There is a large water-land temperature difference that creates the sea breeze circulation.  

A sea breeze forms on the west coast of Chile at the lowest levels of the troposphere, with 

a depth between 800-1200 m.  Radiosonde observations at 1556 LT 28 March 2000 

indicated that the sea breeze winds near the coast reached an altitude of 1200 m, 

extending through a capping potential temperature inversion at 600 m.  Above this is a 

layer of northerly winds due to the Andes Mountains blocking and turning the westerly 

geostrophic flow.  Westerlies are present above 4 km.     

The previous case studies all discussed the formation of sea breezes on the coasts 

of continents.  Sea breeze formation along islands has also been studied through the use 

of case studies, in addition to the modeling by Xian and Pielke (1991) about the width of 

islands, as previously discussed.  Melas et al. (2000) modeled the sea breezes occurring 

on Sardinia Island in the Mediterranean Sea and compared the results with observations 

at selected stations.  Sea breeze circulations form on all sides of the island, in weak 

northwesterly synoptic winds, and are 400-800 m deep.  The maximum wind speed 

occurs after the maximum land-water temperature difference has been reached.  Due to 
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an island width of about 120 km and length of about 267 km, there is interaction between 

the sea breezes on opposite coastlines, leading to increased convergence and upward 

motion over parts of the island.  During the night, weak offshore winds are caused by the 

land breeze circulation and are augmented by strong katabatic winds.   

Observed sea breeze circulations in Jakarta, Indonesia were studied by Hadi et al. 

(2002) using boundary layer radar, satellite, and surface station data.  This study looked 

at the horizontal extent, the intrusion time to reach the radar site, and how cloudiness 

affects the sea breeze circulation and sea breeze front.  Sea breezes occur more often in 

July through September, and are most common in September due to the largest land-sea 

temperature difference in that month.  The sea breeze circulation extents inland to a 

distance of 60-80 km until being affected by the complex topography located there.  The 

near surface wind speed maximum occurs between 1300-1500 LT, but the maximum at 

altitudes between 500 and 800 m occurs between 1700 and 1800 LT.  They attribute this 

time difference to three possible causes:  the sea breeze depth increasing with time, a 

temperature profile that allows for different turbulent layers, and interactions of the sea 

breeze front with topography.  The return flow is weaker than the onshore flow, possibly 

due to the mountains causing ventilation of the onshore flow.  The sea breeze front 

moved inland earlier in the day on cloudy days.  When there is large-scale subsidence, a 

capping temperature inversion forms resulting in the flow in the planetary boundary layer 

being cut off from the flow aloft.  This is thought to help form a well-defined sea breeze 

circulation. 
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2.4. Sea Breeze Effect on Marine and Atmospheric Boundary Layer Development  

 Raynor et al. (1979) describe the coastal internal boundary layer that forms during 

onshore flow through the use of aircraft flight data.  These coastal boundary layers form 

due to differences in surface temperature or surface roughness.  They are best defined by 

the intensity of turbulence in a vertical cross section.  Greater turbulence occurs within 

the coastal internal boundary layer over land than outside the boundary layer over the 

water.  Raynor et al. (1975) developed the following empirical model for predicting the 

height of the boundary layer from meteorological data. 
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where H = height of the internal boundary layer (m), u* = friction velocity over the 

downwind surface (m s-1), ū = mean wind speed (m s-1), F = fetch over downwind 

surface (m), θ1 = low-level potential air temperature over the source region (K), θ2 = 

temperature of downwind surface (K), |ΔT/ΔZ| = absolute value of the lapse rate over the 

source region or above the inversion (K m-1). 

Feliks (1994) used a two-dimensional model to study the diurnal oscillation of the 

height of the inversion caused by the sea breeze.  The inversion over the eastern 

Mediterranean is caused by the large-scale subsidence over the region.  It has a base 

between 500 and 1000 m, and a mean thickness of 400 m.  The base of this inversion 

over the land increases in height during the day, while over the sea it decreases in height 

during the day.  During the night, the opposite occurs:  the height decreases over the land 

and increases over the sea.  The variation in height occurs over a horizontal region 100 

km inland to 100 km offshore.  The greatest diurnal variation in the height of the base 
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occurs at points 10 km inland and offshore, where it can vary by about 250 m.  The 

difference between the daytime and nighttime height of the inversion base decreases as 

the distance from the coast increases, in either direction.  The inclusion of a gradient 

wind in the simulation, changes the amplitude of the oscillation.  A weak onshore 

gradient wind causes the maximum height of the inversion base to occur further inland, 

while a strong gradient wind decreases the amplitude of the inversion by decreasing the 

intensity of the sea breeze.  Feliks (1994) notes that the changes in the height of the 

inversion base during the night cannot be attributed to the land breeze, because of its 

weaker strength, relative to the sea breeze.  Instead it is due to the horizontal advection of 

stratified air from long distances over the sea (Feliks 1993). 

Plant and Atkinson (2002) modeled the marine boundary layer over the Arabian 

Gulf to determine the influence of the sea breeze on its development.  In cases of offshore 

wind speeds of 6-11 m s-1, the sea breeze remains offshore and influences the marine 

internal boundary layer there, but near the coast the marine internal boundary layer is not 

affected by the sea breeze.  They found strong boundary layer growth within the sea 

breeze and seaward of the sea breeze due to the slowing of the offshore flow by the sea 

breeze.  This growth occurs because the air has had more time to adjust to the sea 

conditions. 

2.5. Sea Breeze Effect on Precipitation 

 The effects of sea breeze circulations on the timing and amount of precipitation 

have been investigated through both modeling and observational studies.  The study by 

Boybeyi and Raman (1992) focused on the dynamics of the sea breeze circulation that 

leads to convection, as previously discussed in Section 2.3.  Baker et al. (2001) 
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performed eight simulations over Florida to study the influences of coastline curvature, 

morning land breeze, soil moisture, and Lake Okeechobee on the precipitation caused by 

sea breezes.  A convex coastline, such as a peninsula, causes convergence of sea breezes, 

while a concave coastline, such as a bay, causes divergence.  The shape of the coastline 

and the amount of soil moisture changes the timing and position of the precipitation, 

while the land-breeze causes changes in the amount of precipitation.  Heavier rainfall 

occurs over wet soil and convex coastlines.  Early-morning land breezes cause heavy 

precipitation to occur earlier by causing strong low-level convergence earlier in the day.   

 An observational study was done by Wilson and Megenhardt (1997) during the 

Convection and Precipitation/Electrification (CaPE) Experiment held in Florida.  They 

found that storms more commonly form with west coast sea breeze fronts than with east 

coast sea breeze fronts.  This occurs because the speed of the west coast front is about the 

same as the motion of individual storm cell, allowing the storms to move with the front 

and not be left in the stable air behind the front.  Storms are also more common in the 

west coast sea breeze fronts because of the stronger and deeper convergence in those 

fronts.  Storms produced by east coast sea breeze fronts usually form along the vertical 

“scallops” where convergence and upward vertical motion is enhanced.  Storms can also 

form where the sea breeze front intersects horizontal convective rolls.   

2.6. Sea Breeze Effect on Pollution 

 Ohasi and Kida (2002) used numerical simulations to determine the individual 

and combined influences of sea breeze and urban heat island circulations on the wind 

flows and pollution transport near coastal and inland cities.  Their model included a 

prescribed urban area at the coast with another urban area a varying distance inland.  The 
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interaction between the two urban heat islands created a “chain flow”.  The chain flow is 

a wind system that begins as the inland, upper branch of the combined heat island and sea 

breeze circulation and flows downward toward the inland urban area as the inflow into 

that heat island circulation.  The chain flow leads to warmer temperatures and higher 

surface pollution concentrations in the area between the two urban areas.  The amount of 

coastal urban pollutants transported by the sea breeze circulation into the inland urban 

area decreased as the distance between the urban areas increased.  This occurs because 

the Coriolis effect shifts the winds to the right (and in this case, to the south) of the inland 

city.  The chain flow brought more pollutants inland earlier than the sea breeze 

circulation by itself.   

2.7. Predicting Sea Breezes 

 Methods to predict sea breeze events have been developed by Miller and Keim 

(2003) and by Frysinger et al. (2003).  Miller and Keim (2003) developed a method to 

predict sea breezes in Maine using data from 2001, but this process can be extended for 

use at any location.  Sea breeze events are predicted by looking at offshore sea surface 

temperature, inland temperature, cross-shore geostrophic wind speed, and cross-shore 

horizontal potential temperature difference between the offshore sea surface temperature 

and the inland temperature.  This method is similar to that used by Simpson (1994) to 

predict sea breezes in the United Kingdom.  In Maine, sea breezes occur for light cross-

geostrophic winds and favorable differential horizontal potential temperature.  A stronger 

geostrophic wind can be overcome by stronger differential horizontal potential 

temperatures. 
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 Frysinger et al. (2003) used the sea breeze index (SBI) shown in Equation 2.2, 

also used by Simpson (1994) and Walsh (1974), which relates the balance of forces 

between offshore synoptic flow and thermally driven onshore flow.  U is the cross-coast 

component of the synoptic winds with offshore winds taken as positive.  ΔT is the 

overland air temperature minus the ocean surface temperature.  Values of SBI above 

some critical value (SBIcrit) typically indicate situations when the synoptic winds would 

block sea breezes, while values less than SBIcrit indicates conditions under which a sea 

breeze would possibly develop.  To use this equation, the critical SBI needs to be found 

for each location where this algorithm will be used.   

 T
USBI
Δ

±=
2

       (2.2) 

2.8. Sea Breeze Fronts 

 Alpert and Rabinovich-Hadar (2003) present observations of the sea breeze 

circulation over southern Israel.  Using a dense network of stations (12 stations in 400 

km2), they determined five criteria that can be used to distinguish the arrival time of the 

sea breeze front.  These five criteria are the temperature, wind direction, wind speed, 

humidity, and turbulence or gustiness.  In addition to the sea breeze front, they also found 

evidence of pre- and post-sea breeze front convergence lines.  The pre-sea breeze front 

lines may be due to gravity waves, as suggested by Geisler and Bretherton (1969), while 

the post-sea breeze front lines may be due to Kelvin-Helmholtz waves as suggested by 

Sha et al. (1991).  The propagation speed of all the frontal lines was 1.5-3 m s-1 near the 

coast and increased to 3-10 m s-1 at a distance of 10-20 km inland.  
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2.9. Land Breezes 

 The influence of land breezes on the formation of nighttime thunderstorms has 

also been studied.  Neumann (1951) discussed the formation of nocturnal thunderstorms 

in the eastern Mediterranean and compared with observations of the same phenomena in 

the coastal regions of the United States.  The diurnal variation of thunderstorm 

occurrences was found to depend on the shape of the coastline.  A concave coast will 

have a convergent land breeze, which will cause a maximum of thunderstorms at night.  

The sea breeze is divergent along this coast, which can lead to cloud dissipation.  A 

convex coast has a divergent land breeze, and the thunderstorm maximum occurs during 

the day due to the convergent sea breeze.  The strength and duration of the land breeze 

depends on the season and the land-sea temperature difference.  In contrast to the sea 

breeze, the land breeze can be seen year round in the eastern Mediterranean.  The return 

flow of the land breeze is at a height between 1-1.5 km and 2.5 km.  Similar convergent 

land breezes that cause a nighttime thunderstorm maximum can also be found along the 

concave coast at Corpus Christi, Texas. 

 A land breeze climatology over east-central Florida has been developed by Case 

et al. (2005).  Land breezes form in this region during all months of the year, but are 

more common in the spring and summer months.  Case et al. classified the land breezes 

into two categories: a shallow, density current type of sea breeze with synoptic onshore 

flow becoming offshore with the land breeze, and a deep land breeze preceded by a 

daytime sea breeze circulation with offshore-directed synoptic flow.  Land breezes form 

between 4 and 5 hours after sunset from May to July and about 6.5 to 8 hours after sunset 

from October to January.  The land breezes with deep circulations form about 4 hours 
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earlier than shallow land breezes.  Land breezes forming during the spring, when there is 

little convection, tend to have a near surface warming effect, but a cooling effect near 

16.5 m.   

2.10. Specific Middle East Weather 

Ramage (1966) discussed the meteorological conditions over the Arabian Sea 

during the summer.  The heat low that forms over the Arabian peninsula, Pakistan, and 

northern India develops during May, is strongest during July, and weakens during mid- to 

late September.  This heat low is very shallow, only present below the 700 hPa level.  

The western Arabian Sea remains cloud free with little rain due to the influence of dry air 

from Africa and subsidence in the mid-troposphere on the lowest levels of the heat low 

circulation.  Subsidence in the 200-700 hPa layer is due to the easterly wind maximum 

over the west coast of India and the convergence caused by the reduced easterly wind 

speeds further to the west over the Arabian Sea. 

Ackerman and Cox (1982) discussed the radiative effects of an aerosol layer over 

the Arabian heat low.  The dust layer over the Arabian Peninsula was present from the 

surface to heights of about 5 km, with concentrations as high as 3000 μg m-3.  Their paper 

was based on flights during the 1979 Summer Monsoon Experiment (SMONEX).  On 

one of the early morning flights, a well-mixed dust layer was located between 0.3 and 1.5 

km.  From the flights, they found that the dust loading was not solely dependent on the 

local turbulent convective state of the atmosphere.  An increase in dust loading affects the 

surface energy budget by decreasing the incoming solar energy at the surface and 

decreasing the sensible heat flux from the surface, resulting in a weaker thermal heat low.  

The dust layer causes a net radiative energy gain between approximately 550 and 800 
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hPa.  Shortwave convergence into a layer with aerosols was found to be about double that 

of a cloud- and aerosol-free atmosphere.  The shortwave convergence is enough to 

overcome the longwave radiative cooling.     

Smith (1986a) and Smith (1986b) investigated the structure of the Arabian heat 

low based on observations taken at a site in the Saudi Arabian Empty Quarter during the 

summer of 1981.  The paper also distinguished this heat low from the belt of heat lows 

that extend from Northern Africa to Pakistan.  The surface station site was selected based 

on its proximity to the center of the Arabian heat low.  The diurnal temperature range can 

be up to 50°C at this station.  The maximum wind speeds occur from 0900 to 1800 LT 

and can range from 1 to 8 m s-1.  Daytime relative humidities are very low, with values of 

only 10-20%.  The sensible heat flux from the surface increases as the distance from the 

center of the heat low increases.  Smith (1986b) notes that this heat low, centered over the 

southern Arabian Peninsula is an energy source rather than an energy sink.  A conceptual 

diagram of the heat low has two main layers:  a surface cyclone where the sensible 

heating is greater than the radiative cooling, and a subsidence layer from 850 to 100 hPa 

that is divided into two layers.  From 800 to 550 hPa there is both radiative and adiabatic 

heating, with dry convection maintaining the dust layer that contributes to the heating.  

Above 550 hPa there is radiative cooling that balances the adiabatic heating. 

Rainfall occurs only about once a decade in the Saudi Arabian Empty Quarter 

region (Smith 1986a).  Using climatological pentad mean outgoing longwave radiation 

(OLR) and monthly frequency of highly reflective cloud datasets to classify tropical 

convection and rainfall, Wang (1994) defined the central region of the Arabian Peninsula, 

including Oman and the United Arab Emirates, as an arid region.  This area has no rainy 
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season, in contrast to other tropical regions that are influenced by monsoon circulations 

and have distinct rainy seasons.  The highly reflective cloud frequency is less than 0.5 

day month-1 and the annual minimum pentad mean OLR is higher than 230 W m-2.   

An overview of the climate of the United Arab Emirates (UAE) including lists of 

sources of climatological data was compiled by Böer (1997).  The climate classifications 

by Köppen and Geiger (1928) describe all of the Arabian Peninsula as a desert climate.  

A later classification by Troll and Paffen (1980) describes two different climates in the 

UAE:  tropical semi desert and desert climate in eastern UAE, and semi desert and desert 

climates in western UAE.  Böer (1997) divides the UAE into four major climatic zones:  

the coastal zone along the Arabian Gulf and the Gulf of Oman, the mountain area, the 

gravel plains, and the central and southern sand desert.  Of these areas, there is more 

climate information from the mountainous region as compared to the southwestern part of 

the UAE.  The majority of the surface weather stations are in the mountains, while there 

are very few stations to the south and west of Abu Dhabi (Böer 1997).  The climates in 

the UAE are similar to those throughout the Arabian Peninsula, however the mean annual 

temperature in the UAE is higher than in the northern region of the Arabian Peninsula.  

The near surface maximum air temperature in the summer is below 33°C in the 

mountains and along the coast, but it can reach 35°C in the central desert.  The coolest 

temperatures of the year are during the winter, where the mountains have temperatures of 

18-20°C.  Over the entire country, the mean annual precipitation is about 120 mm, with 

the maximum rainfall in all four of the climate regions occurring in February.  The 

precipitation amount decreases from east to west, with higher rainfall in northeastern 

UAE, between 140 and 200 mm, while in the western part the annual rainfall is less than 
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60 mm.  There is also a large difference in humidity, with highest values near the coasts, 

and low values in the southern and southwestern areas (UAE University 1993).    

Zhu and Atkinson (2004) describe the climatology of the sea and land breeze 

circulations over the Arabian Gulf using observations from 2002 and numerical 

simulation results.  The monthly mean climatologies of the near-surface and upper-air 

conditions from 2002 were found to be representative of the 1979-1998 mean.  

Observations from Kuwait International Airport, Bandar Abbas Airport, King Fahd 

Airport, and Abu Dhabi International Airport were used to compare with model results.  

Based on the mean synoptic conditions of 1979-1998, four different circulation patterns 

occur during the year over the Arabian Gulf.  The winter monsoon with a low-level cold 

high pressure system is predominant from November to February.  June through 

September is dominated by an upper-level subtropical high and a low-level warm trough 

extending from the Indian monsoon low.  March through May and October do not have 

one typical circulation type and are instead transition months.  Sea and land breeze 

circulations were found to exist during all seasons and on all four coasts of the Arabian 

Gulf.  The horizontal extent, vertical depth, and timing of the circulations vary by season 

and by coast.  A sea breeze front forms on the northern coast due to the offshore synoptic 

winds.  On the southern coast, the onshore synoptic winds cause the sea breeze to 

penetrate far inland.  The sea breeze on the eastern coast is augmented by the upslope 

flow caused by the Iranian Zagros Mountains, while the west coast sea breeze does not 

penetrate as far inland.     

The Arabian Gulf region has also been a site of investigation on the influence of 

temperature and mixing ratio inversions on the propagation of electromagnetic waves.  
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This region is an excellent area for these studies because of the strong humidity and 

temperature gradients at the top of the boundary layer caused by the desert air moving 

over the more humid air near the water surface.  Using a three-dimensional numerical 

model, Atkinson et al. (2001) simulated the environment over the Arabian Gulf when 

there had been observations of radar ducting.  High wind cases (11-23 m s-1) were found 

to cause the formation of a deeper marine internal boundary layer and weaker gradients at 

the top of the layer, while low wind cases (5-10 m s-1) cause more shallow boundary 

layers and stronger gradients.  Strong gradients at the top of the boundary layer can lead 

to radar ducts. 

Brooks and Rogers (2000) studied the structure of the stable internal boundary 

layer over the Arabian Gulf.  The aircraft observations used were taken in late April 

during a winter Shamal, which caused wind speed maxima of 22-23 m s-1 above the 

boundary layer and northwest and north-northwest winds over the Arabian Gulf.  The 

stable internal boundary layer is formed when the warm air from the land is advected 

over the cooler water.  At a sufficient distance from the coast, the internal boundary layer 

becomes the new marine boundary layer.  It was discovered that the humidity flux from 

the Gulf can create weakly convective conditions in the lowest 100-150 m.  Above this 

height, the subsidence is too great to for the humidity flux to overcome.  This occurs until 

the humidity in the air mass increases, thus decreasing the moisture flux from the surface. 

Warner and Sheu (2000) perform four simulations over the Arabian Desert to 

simulate the planetary boundary layer evolution and its influence on the transport of 

pollutants from the weapons depot in Khamisiyah, Iraq in 1991.  Their outer 30 km grid 

includes the Arabian Gulf, while the second grid includes the northwestern half of the 
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Gulf.  The third grid contains most of Kuwait and southern Iraq.  The PBL depth can be 

determined from soundings or from time-height cross-sections of potential temperature 

and wind.  The PBL depth was found to be influenced by three factors associated with 

sea breeze and land breeze circulations: (1) the subsidence behind the sea-breeze front 

limits the growth of the lower PBL, (2) the vertically differential horizontal temperature 

advection behind the front, and (3) the cool maritime air advected inland at low levels 

acts to lower daytime temperatures over the land.  The deepest PBLs are found over the 

western Arabian Peninsula (2.7 km) and the Zagros Mountains in Iran (2.4 km). 

Shi et al. (2004) provided a reanalysis of the meteorological conditions over the 

Arabian Peninsula and Iraqi plains from 15 January to 15 March 1991.  The dominant 

synoptic feature during the winter months is the northeast monsoon.  This is accompanied 

by strong northwesterly flow over the Arabian Gulf.  An occasional low pressure system 

will track over Iraq and the Arabian Gulf.  A diurnal oscillation in the 10 m wind fields is 

found in the 2-month mean wind fields.  Over the northern Arabian Gulf during the day, 

there is evidence of a divergent flow with an onshore and upslope component 

superimposed on the mean northwesterly flow.  At night, the mean downslope flow 

creates a convergent flow over the Gulf.  This can be observed as a cloud band aligned 

along the major axis of the Arabian Gulf.  The maximum boundary layer height was 

found to be 500 m over the Arabian Gulf during the night and 1200 m over the interior of 

the Arabian peninsula during the day.  The northwesterly flow causes a surface inversion 

to form as the PBL from the Tigris-Euphrates Valley is transported over the Arabian 

Gulf.  A shallow PBL of 300 m is formed over the water and then increases in depth near 

Qatar.   
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CHAPTER 3.  UNITED ARAB EMIRATES – UNIFIED AEROSOL 

EXPERIMENT (UAE2) 

The United Arab Emirates – Unified Aerosol Experiment (UAE2) was conducted 

during the summer of 2004.  It was a joint project between 30 different institutions.  

There were four main goals of the experiment: (1) to evaluate and improve the satellite 

aerosol and ocean products, (2) to determine the microphysical, optical, and transport 

properties of aerosol particles, (3) to understand how aerosol particles interact with the 

regional radiation budget, and (4) to model and explain the complex flow patterns in the 

coastal regions of the Arabian Gulf and the Gulf of Oman.  In situ and remote sensing 

platforms for data collection were used, including surface meteorological stations, 

radiosonde sites, radar, mobile instrumentation sites, aircraft, and satellite. 

The objectives of this research focus on the fourth goal of the experiment.  

Observations are used to define the coastal meteorological processes.  Numerical 

simulations are used to understand the structure and dynamics of the planetary boundary 

layer and coastal circulations, including sea breeze and land breeze circulations and the 

land plume. 

3.1. Surface and Upper Air Platforms 

The Department of Water Resources Studies (DWRS) in Abu Dhabi, United Arab 

Emirates (UAE) has a network of 50 surface meteorological stations (Figure 3.1).  A list 

of the stations, their respective location, elevation, and parameters measured is included 

in Table 3.1.  The stations are located in all areas of the country, including the mountains 

in the east, along the coastline, on islands to the north of the UAE, and in the desert 

southwest.  The stations measure air temperature, dew point temperature, mean sea level 
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pressure, relative humidity, wind direction, wind speed, precipitation, and solar radiation.  

Some of the stations also measure soil temperature and soil moisture at four depths.  This 

data is available hourly from the DWRS website (http://www.dwrs.gov.ae).   

Eight radiosonde sites are also located in the Middle East providing twice daily 

vertical profiles of the atmosphere.  The stations included in this study are the following:  

Abu Dhabi International Airport, UAE; Bandar Abbas International Airport, Iran; 

Kermanshah/Baktaran, Iran; King Fahd International Airport, Saudi Arabia; Kuwait 

International Airport, Kuwait; Riyadh, Saudi Arabia; Seeb International Airport/Muscat, 

Oman; and Shiraz, Iran.  The locations of these sites are shown in Figure 3.2.   

In addition to surface meteorological stations and radiosonde sites, 14 Cimel 

Electronique 318A sun-sky scanning spectral radiometers were placed at different 

locations throughout the UAE as part of the Aerosol Robotic Network (AERONET) 

program.  AERONET is supported by NASA’s Earth Observing System and has been 

expanded by federation with many non-NASA institutions.  AERONET data includes 

observations of aerosol spectral optical depths, aerosol size distributions, and precipitable 

water.  More information about AERONET can be found at their website 

(http://aeronet.gsfc.nasa.gov).  These radiometers, or sun photometers, were located at 

Abu Al Bukhoosh, Abu Dhabi, Alkhazna, Alqlaa, Dalma, Dhudna, Hamim, Jabal Hafeet, 

Mezaira, Saih Al Salem, Sir Bu Nuair, Umm Al Quwain, and at the Mobile Atmospheric 

Aerosol and Radiation Characterization Observatory (MAARCO) and Surface-sensing 

Measurements for Atmospheric Radiative Transfer (SMART) sites.  The locations of 

these sites are shown in Figure 3.3.  

 

 



 31

Table 3.1.  Department of Water Resources Studies stations with latitude, longitude, and elevation 
for each station. 

Department of Water Resources Studies stations 
Name Latitude Longitude Elevation (m) 

Abu Al Bukhoosh 25.495 53.146 37 
Abu Dhabi 24.476 54.329 7 
Al Faqa 24.719 55.621 235 
Al Heben 25.124 56.159 933 
Al Jazeera B.G. 23.291 52.289 25 
Al Malaiha 25.131 55.888 186 
Al Shiweb 24.776 55.798 306 
Alarad 23.845 55.524 212 
Alfoah 24.334 55.806 335 
Algheweifat 24.121 51.627 69 
Alhiyar 24.599 55.783 325 
Alkhazna 24.159 55.101 192 
Alqlaa 24.153 52.980 11 
Alquaa 23.393 55.419 150 
Alsaa 24.099 56.011 434 
Alsad 24.210 55.512 199 
Alsamha 24.701 54.788 35 
Alwathbah 24.180 54.699 63 
Bu Humrah 23.506 54.53 171 
Dalma 24.491 52.294 25 
Das Island 25.148 52.871 12 
Dhudna 25.511 56.422 64 
Falaj Al Moalla 25.338 55.866 120 
Ghantuat 24.887 54.843 29 
Hamim 22.974 54.303 126 
Hatta 24.811 56.138 325 
Jabal Hafeet 24.057 55.775 1059 
Jabal Jais 25.95 56.172 1739 
Jabal Mebreh 25.630 56.129 1450 
Khatam Al Shaklah 24.211 55.952 433 
Madinat Zayed 23.682 53.699 118 
Makassib 24.666 51.824 20 
Manama 25.323 56.009 217 
Masafi 25.359 56.162 525 
Mezaira 23.145 53.779 204 
Mezyed 24.029 55.848 345 
Mukhariz 22.935 52.878 145 
Owtaid 23.396 53.103 180 
Qarnen 24.935 52.846 32 
Raknah 24.343 55.707 288 
Ras Musherib 24.314 51.534 22 
Rezeen 23.678 54.779 123 
Saih Al Salem 24.828 55.312 105 
Sham 26.029 56.094 43 
Sir Bani Yas 24.317 52.598 143 
Swiehan 24.466 55.331 170 
Tareef 24.007 53.729 20 
Tawi Dakhnan 23.819 54.656 123 
Tawiyen 25.56 56.070 186 
Um Azimul 22.714 55.139 140 
Umm Al Quwain 25.533 55.658 20 
Wadi Al Bih 25.776 56.018 69 
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Figure 3.1.  Department of Water Resources Studies surface meteorological stations. 
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Figure 3.2.  Radiosonde sites in the Middle East included in this study. 
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Figure 3.3.  AERONET sites in UAE during UAE2 (from http://uae2.gsfc.nasa.gov). 
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3.2. Satellites 

The satellite focus in this experiment was on calibration of the instruments 

onboard various satellites and on validation of the data collected by those instruments. 

This included verifying aerosol retrieval algorithms over water and over bright surfaces 

and desert areas, and evaluating sea surface temperature, ocean color, and microwave 

temperature retrievals.   

Various instruments on satellites launched by both the United States and the 

European Space Agency (ESA) were used for this experiment.  A list of the satellites and 

their instruments supported for this experiment are given in Table 3.2.   

3.3. Mobile Surface Platforms 

Two portable observing stations were brought into the UAE for the experiment.  

The first was the Surface-sensing Measurements for Atmospheric Radiative Transfer 

(SMART) Chemical, Optical and Microphysical Measurements of In-situ Troposphere 

(COMMIT) research platform from the NASA-Goddard Space Flight Center.  SMART-

COMMIT was co-located with a meteorological observation system at (24.24889°N, 

55.61194°E) and at an elevation of 250 m.  The instruments on SMART included the 

following: rain gauge, Atmospheric Emitted Radiance Interferometer (AERI) which 

measures downwelling infrared radiation, Micro-Pulse lidar, an AERONET sun 

photometer, the FieldSpec Pro by Analytical Spectral Devices, Inc. (ASD) which 

measures solar reflectance, radiance, and irradiance, total solar irradiance (TSI), and 

direct and diffuse solar radiometers to measure broadband shortwave and longwave 

radiance and irradiance including in the UV-A and UV-B regions.  Instruments in 

COMMIT measure SO2, CO, NOx, and O3, PM2.5 and PM10.  The extinction coefficient is  
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Table 3.2.  Satellites and Sensors used in UAE2. 

Satellite Sensor Sensor Description 
Envisat AATSR Advanced Along-Track Scanning Radiometer 
EO-1 Hyperion high-resolution hyperspectral images of 

Earth’s surface 
Meteosat 5   
Terra ASTER Advanced Spaceborne Thermal Emission and 

Reflection Radiometer 
 CERES Clouds and the Earth’s Radiant Energy 

System 
 MISR Multi-angle Imaging SpectroRadiometer 
 MODIS Moderate-resolution Imaging 

Spectroradiometer 
Aqua MODIS Moderate-resolution Imaging 

Spectroradiometer 
POES NOAA-
15,16,17 

AVHRR Advanced Very High Resolution Radiometer 

SeaStar SeaWiFS Sea-viewing Wide Field-of-view Sensor 
Earth Probe TOMS Total Ozone Mapping Spectrometer 
QuickBird   
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measured by 3-λ and 1-λ nephelometers.  More information on SMART-COMMIT can 

be found on its website:  http://smart-commit.gsfc.nasa.gov. 

The other portable station was the Mobile Atmospheric Aerosol and Radiation 

Characterization Observatory (MAARCO) from the Naval Research Laboratory (NRL) 

Monterey.  MAARCO was located at Al Taweela (24.70033°N, 54.65883°E) at an 

elevation of 10 m.  MAARCO was deployed on site by 12 August 2004.  MAARCO’s 

purpose was to support basic research on atmospheric aerosols, gases, and radiation, and 

to facilitate collection of data to assist in validating aerosol and weather models.  The 

instruments on MAARCO included several radiometers including diffuse and direct solar 

radiometers, a shadowband radiometer, and a thermal radiometer, an AERONET sun 

photometer, Micro-Pulse Lidar, ceilometer, whole sky imager, aerosol instrumentation, 

and a weather station.  The aerosol instruments included nephelometers, an aerodynamics 

particle sizer, a tapered element oscillating mass balance, an aethelometer, a scanning 

mobility particle analyzer, a DRUM sampler, and a gas chromatograph/mass 

spectrometer.  Aerosol gas phase instrumentation included an SO2 monitor, O3 monitor, 

particulate monitor, and a Li-Cor Open-Path CO2 and H2O Analyzer. 

3.4. Aircraft 

Two aircraft were used in the experiment, the South African Cheyenne and the 

South African Aerocommander 690A.  The Cheyenne had onboard a sun photometer.  

The Aerocommander was flown on 17 flights to support UAE2 between 27 August and 5 

October 2004.  The instruments on the Aerocommander included those for measuring 

meteorological state variables and winds, sea surface temperature, cloud liquid water 

content and droplets, a Passive Cavity Aerosol Spectrometer Probe (PCASP) and a 
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Forward Scattering Spectrometer Probe (FSSP) for measuring aerosol particle size, 1-D, 

2-D, and King Cloud Probes, a lidar, a aerodynamic particle sizer, a 3- λ nephelometer, 

aerosol filters, upward and downward facing radiometers, a Cloud Condensation Nuclei 

(CCN) counter, and a Condensation Nucleus Counter (CNC).   

The Aerocommander flight paths, to be shown in Chapter 4, were from the coast 

to the southern boarder of the UAE near Hamim, parallel to the coast to Sir Bani Yas 

island, northward over the southern Arabian Gulf, and eastward to the Gulf of Oman 

coast.  The flight dates include 27, 28, 30 August; 1, 3, 7, 8, 10, 12, 13, 28-30 September; 

and 1-3, and 5 October.  Several vertical profiles over the UAE were flown to investigate 

the vertical structure of variables including temperature, relative humidity, and aerosol 

concentrations.  These vertical profiles will be discussed more in Section 4.2.6.      

3.5. Meteorological Observations and Modeling 

 The North Carolina State University (NCSU) involvement in the UAE2 

experiment included two phases: (1) providing weather and dust forecasts for the 

intensive period of the field experiment from mid-August to early October 2004, and (2) 

numerical modeling to aid in explaining the complex flow patterns in the coastal regions 

of the Arabian Gulf and the Gulf of Oman.  The forecasts utilized surface and remotely-

sensed observations and numerical modeling.  The real-time observations taken 

throughout the experiment are used for verification of COAMPS® and for comparisons 

with model case studies to explain the flow patterns of the UAE region.   

In support of the aircraft flights, meteorological and dust forecasts were made 

daily and provided via the Internet to the experiment team in the UAE.  The forecasts 

combined the current conditions with synoptic and mesoscale meteorological discussions 
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and dust transport discussions that indicated the origin and level at which the dust would 

be transported.  The forecast contained the model status for four to five different 

numerical models (COAMPS, NOGAPS, NAAPS, NCAR MM5 and NCSU MM5).  The 

forecast report included (i) the current conditions, shown through visible satellite images 

and satellite images that employ a dust enhancement algorithm to detect dust suspended 

in the atmosphere, and surface observations, including optical conditions, produced by 

the NRL/Monterey Aerosol Modeling group; (ii) the synoptic and mesoscale discussions; 

and (iii) the dust discussion which considered the surface observations and modeled dust 

surface concentration plots and time-height cross-sections.  Example forecasts are 

included in Appendix A.     

3.6. Summary 

 The UAE2 field program was conducted during August, September, and October 

2004.  This experiment involved many groups with a variety of objectives all leading to a 

better understanding of the meteorological and aerosol processes and properties and to 

evaluate satellite products and numerical simulations in desert regions.  The UAE region 

was selected due to its geographic and climatic characteristics that made it a prime 

location in which to study these objectives. 

 The objectives of the NCSU group included studying the mesoscale weather 

processes in the region.  Observations pertaining to sea breeze and land breeze 

development and aerosol transport taken during UAE2 are discussed in Chapter 4.  

Surface and upper-air measurements are used for verification of COAMPS® in Chapter 6 

and to verify two numerical simulation case studies in Chapter 7.   
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CHAPTER 4.  METEOROLOGICAL AND AERORSOL 

OBSERVATIONS 

 The following sections describe the climatology of the United Arab Emirates 

(UAE) during the summer months.  Both the vertical structure and the surface 

characteristics are described, including the large scale and mesoscale patterns.  Following 

the climatology, the weather patterns during the United Arab Emirates – Unified Aerosol 

Experiment (UAE2) are discussed, including in-depth descriptions of the weather for two 

time periods during the experiment. 

4.1. Climatology of UAE 

The Indian southwest monsoon is climatologically the dominant meteorological 

pattern over Southwest Asia from June through September.  The pattern includes the low-

level southwesterly winds of the Somali Jet over the northern Arabian Sea, an upper level 

high pressure system and the Arabian heat low stretching from northern Africa to Iran 

and Pakistan.  The thermal low creates light northwesterly winds over the Arabian Gulf, 

with speeds of about 2-3 m s-1.  Between the southwesterly winds over the Arabian Sea 

and the northwesterly winds of the Arabian Gulf is a transition zone of variable winds 

over the Gulf of Oman and the Strait of Hormuz.  There is a limited amount of cloudiness 

in the area during the summer.  High level clouds occur over the northern Arabian Sea, 

and low level clouds are common in the mornings over the northern Arabian Sea and the 

Gulf of Oman.  Convection is common in the mountainous regions during the afternoons, 

but these clouds do not propagate far from where they initiate. 

The weak synoptic forcing caused by the southwest monsoon allows for the 

formation of the sea breeze during the day and the land breeze at night in this region.  
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The presence of these circulations in the Arabian Gulf has been documented in the 

literature.  Zhu and Atkinson (2004) found sea breeze and land breeze circulations to 

occur during all seasons of the year on all coastlines around the Arabian Gulf, varying in 

depth and horizontal extent seasonally and diurnally.  The depth of the planetary 

boundary layer over the northern Arabian Gulf was decreased by the sea breeze 

circulation advecting cooler maritime air over the land (Warner and Sheu 2000).  On the 

west side of the Arabian Gulf, numerical simulations showed effects of the maritime air 

can exist up to 100 km inland during the late-winter and early-spring (Warner and Sheu 

2000).  The climatological vertical structure of the atmosphere and surface wind 

characteristics along the southern Arabian Gulf coast, and a sea breeze climatology over 

the UAE are described in the following sections. 

4.1.1. Southern Arabian Gulf Climatological Vertical Variation of Air Temperature, 

Wind Direction, and Wind Speed 

Soundings at Abu Dhabi for 1 July to 15 September 1995-2002 at both 0000 UTC 

and 1200 UTC (0400 and 1600 LT) were used to determine the average sounding for Abu 

Dhabi during the summer months.  This time period was selected so that the weather in 

the area was dominated by the presence of the southwest monsoon.  Vertical distributions 

of potential temperature, wind direction, and wind speed have been plotted to show the 

average conditions at Abu Dhabi.   

Figure 4.1 shows the 0000 UTC and 1200 UTC (0400 and 1600 LT) virtual 

potential temperature (θv) soundings.  The 0000 UTC (0400 LT) sounding shows a stable 

layer extending up to 925 hPa.  From 925-500 hPa, θv increases more slowly with height.  

In many individual soundings at 0000 UTC (0400 LT), an elevated mixed layer is evident 
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between these levels.  The 1200 UTC (1600 LT) sounding shows increasing θv with 

height throughout the column.  Individual soundings at 1200 UTC (1600 LT) show 

varying planetary boundary layer heights capped by a θv inversion, which is not evident 

in the average 1200 UTC (1600 LT) profile.   

 The average wind direction is shown in Figure 4.2 for the 0000 UTC and 1200 

UTC sounding (0400 and 1600 LT).  At 0000 UTC (0400 LT), the winds near the surface 

are from the east, veering to southwesterly at 850 hPa.  Above 850 hPa, the winds back to 

become easterly winds.  The easterly and southerly winds in the lower levels at Abu 

Dhabi are offshore winds, and part of the nighttime land breeze circulation.  Above 500 

hPa the easterly winds are part of the easterly trade winds in the upper levels over this 

region.  At 1200 UTC (1600 LT), the winds are northwesterly at the surface, backing to 

easterly winds above 500 hPa.  The northwesterly winds at the surface indicate the sea 

breeze and the prevailing northwesterly winds caused by the thermal low over the 

Afghanistan and Pakistan. 

 Figure 4.3 shows the 0000 UTC and 1200 UTC (0400 and 1600 LT) wind speed 

vertical profiles.  The wind speed near the surface at 0000 UTC (0400 LT) is about          

2 m s-1, increasing to about 10 m s-1 at 925 hPa.  Above this level, the winds are between 

5 and 10 m s-1 to 300 hPa, where the wind speed increases to 10 to 19 m s-1, 

corresponding with the trade winds.  At 1200 UTC (1600 LT), the wind is about 5 m s-1 

from near the surface to about 300 hPa.  Again above this level the wind speed increases 

to 10 m s-1 with the trade winds.   
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Figure 4.1.  Average virtual potential temperature sounding at Abu Dhabi for 1995-2002 for (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
 
 



 44

 

Figure 4.2.  Average wind direction vertical profile at Abu Dhabi for 1995-2002 for (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 4.3.  Average wind speed vertical profile at Abu Dhabi for 1995-2002 for (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 



 46

4.1.2. Southern Arabian Gulf Surface Wind Climatology 

Hourly surface observations at Abu Dhabi International Airport for 1995-2002 

were used to determine the wind direction frequency, plotted as wind roses (Figure 4.4).  

The wind roses also include the wind speed distribution for each direction.  The surface 

observations are from the National Climatic Data Center (NCDC) Integrated Surface 

Hourly Observations.  The wind roses are made with the RoseWorks Frequency software 

from UAI Environmental, Inc.  Wind roses were made for January, April, July, and 

October to represent winter, spring, summer, and fall, respectively.   

Winds in January at Abu Dhabi are most frequently from the northwest, 

perpendicular to the coastline.  A secondary maximum frequency is from the east, 

indicating the offshore winds.  Winds from the northwest are typically the strongest, 

ranging between 5-10 m s-1, but occasionally winds exceeding 10 m s-1 can be seen from 

many directions.  In April the most common wind direction is from the northwest; 

however, with a higher wind speed, frequency of winds from the south and east decrease.  

Again wind speeds above 10 m s-1 are not very common.  During July, winds are most 

frequently from the west-northwest through north, with wind speeds between 5-10 m s-1.  

This is due to the northwesterly flow over the Arabian Gulf caused by the southwest 

monsoon.  There is a secondary maximum frequency of winds from the south.  This 

indicates the strength and frequency of the nighttime land breeze, or could be due to 

intrusions of southerly flow across the southern Arabian Peninsula caused by the Somali 

Jet.  During October, winds are most commonly from the east, with a secondary 

maximum from the north.  This was also found by Zhu and Atkinson (2004) using data 

for 2002.  In all four cases, winds that are perpendicular to the coastline are most  
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Figure 4.4.  Wind direction frequency for Abu Dhabi for (a) January, (b) April, (c) July, and (d) 
October 1995-2002.  Data from NCDC. 
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common, in part due to the year-round prevalence of sea breeze and land breeze 

circulations.   

4.1.3. United Arab Emirates Sea Breeze Climatology 

NCDC hourly surface observations for 1995-2002 are also used to determine the 

frequency of sea breezes and land breezes at Abu Dhabi International Airport.  The sea 

breeze at Abu Dhabi was defined as being present when the wind direction was from 

225° to 45° (southwest to northeast) for four or more hours, and there was a diurnal 

oscillation of the wind direction.  The land breeze was defined as occurring when the 

wind direction was between 45° and 225° for four or more hours.  For the days that wind 

direction reports were missing, a change in wind speed was also used to determine the 

presence of the sea and land breezes.  The formation of a sea breeze at Abu Dhabi 

increases the surface wind speed because both the prevailing winds and the sea breeze are 

from the northwest.  The formation of a land breeze can cause either a reversal of the 

wind direction due to a strong land breeze, or a weakening of the prevailing winds when 

the land breeze winds oppose the prevailing winds but are not strong enough to reverse 

the wind direction. 

For the 1995-2002 time period, the percentage of days when a sea breeze 

circulation and a land breeze circulation develop was computed for each month.  These 

values are shown in Table 4.1.  Sea breezes occur more than 77% of the time during all 

months of the year.  Land breezes occur more than 70% of the time.  Sea breezes occur in 

the months of April through December 90-99% of all days.  Land breezes occur 90% of 

the days from May through December.  The month of February has the lowest percentage 

of days having both sea breezes (77%) and land breezes (71%).   
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Hourly wind speed and wind direction observations from the UAE Department of 

Water Resources Studies (DWRS) meteorological stations are used to investigate the 

near-surface wind field over the region during the summer of 2004.  The frequency of 

wind direction at fourteen stations was determined for the entire day.  Time series of 

wind roses were also developed to show the diurnal evolution of wind directions at 

various locations.  Wind roses were made every three hours beginning at 0100 LT (0500 

UTC) for the time series plots.  The analysis of DWRS station data will improve the 

understanding of the mesoscale processes related not only to the sea breeze and land 

breeze circulation on the northern UAE coast, but also the influences of the Al-Hajar 

Mountains, located in eastern Oman, and the influences of the Gulf of Oman to the east 

of the mountains.  The selected stations include Abu Dhabi, Al Faqa, Al Heben, 

Alkhazna, Almanama, Alqlaa, Alsamha, Dalma, Das Island, Ghantuat, Qarnen, Sir Bani 

Yas, Umm Al Quwain, and Wadi Al Bih.  The locations of these stations are shown in 

Figure 3.1.  These stations are grouped based on their geographic location:  offshore, 

coastal, or inland.  Observations from July 2004 were used as they are representative of 

the entire summer season and since the monsoon circulation was established by this time.    

A selection of the wind roses of the daily distribution of the wind direction is 

shown in Figure 4.5.  Wind roses are shown for Abu Dhabi, Al Heben, Alkhazna, Dalma, 

Das Island, and Wadi Al Bih.  The winds are most frequently from the northwest at Das 

Island, Dalma, and Abu Dhabi.  Further north along the UAE coastline, at Wadi Al Bih 

the wind direction is most frequently from the north.  At Al Heben near the Gulf of Oman 

coast, the winds are typically from the southeast.  Alkhazna is located inland and has 

winds most commonly from the north.  The wind directions at these stations and the 
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Table 4.1.  Percentages of days per month when sea breeze and land breeze circulations develop. 
 

Sea Breeze and Land Breeze Frequency:  Abu Dhabi, 1995-2002 
Month Sea Breeze Frequency Land Breeze 

Frequency 
January 82 81 

February 77 71 
March 81 71 
April 93 84 
May 96 95 
June 99 94 
July 99 96 

August 96 97 
September 99 99 

October 98 100 
November 92 93 
December 90 91 
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Figure 4.5.  Frequency of daily winds at Das Island, Dalma, Abu Dhabi, Alkhazna, Al Heben, and Wadi Al Bih stations for July 2004.  Rings are drawn 
at 5% intervals at all stations except Al Heben, at which rings are drawn at 10% intervals. 
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others listed above will be explained in more depth in Sections 4.1.3.1-4.1.3.3.  The sea 

breeze along the southern Arabian Gulf coast forms between 1300 and 1600 LT.  Stations 

further inland and offshore experience the sea breeze later in the afternoon.  The sea 

breeze on the Gulf of Oman coast begins about 1300 LT.  The sea breeze ends around 

sunset, but onshore winds continue on the Arabian Gulf coast until 2200 to 0100 LT due 

to the onshore synoptic winds.  The land breeze beings about 0100 LT and continues 

through the night and morning until the sea breeze develops in the afternoon. 

4.1.3.1. Offshore Stations 

Das Island is located about 115 km north of the UAE coast and about 125 km east 

of Qatar, as shown in Figure 3.1.  The winds at Das Island during the month of July are 

most frequently from the west-northwest (14.88% of observations) and west (11.52%), 

with wind speeds between 2.5 and 5 m s-1 (Figure 4.6).  The maximum wind speed during 

July 2004 were from the northwest (322°) at 8.4 m s-1.  Figure 4.7 shows the diurnal 

change in wind direction.  The sea breeze affects the island late in the afternoon due to its 

distance from the coast.  Northerly winds, indicative of the sea breeze, begin at about 

1600 LT and onshore winds last until about 0400 LT.  The land breeze, southerly winds 

off the UAE coast, begins at 0400 LT and continues until 1600 LT.  Higher wind speeds 

usually occur when the wind direction is from the northwest. 

Qarnen is located offshore approximately 85 km north of the UAE (Figure 3.1).  

Winds at Qarnen are northwesterly in 15.5% of the observations, and west-northwesterly 

in 10.33% of the observations (Figure 4.8).  Wind speeds are typically between 2.5-5     

m s-1, with a maximum wind speed of 10.4 m s-1 from the west-northwest (295°).  Figure 

4.9 shows the diurnal change in wind direction.  The sea breeze begins around 1600 LT 
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Figure 4.6.  Daily wind direction frequency distribution for July 2004 at Das Island.  The percentage 
of observations from each direction is indicated at the end of each wind barb.  The number of 
missing observations is given in the figure. 
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Figure 4.7.  Wind direction frequency distributions every three hours at Das Island.  The percentage of observations from each direction is indicated at 
the end of each wind barb.  The number of missing observations for each hour is given. 
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Figure 4.8.  Same as Figure 4.6, but for Qarnen. 
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Figure 4.9.  Same as Figure 4.7, but for Qarnen. 
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and onshore winds continue until about 0100 LT, similar to Das Island.  Winds within the 

sea breeze circulation at Qarnen are northwesterly to northerly.  The strongest winds are 

in the afternoon.  The land breeze occurs from 0700 LT to 1000 LT.     

Dalma, located 55 km offshore as shown in Figure 3.1, experiences winds from 

the north-northwest in 13.44% of observations and from the northwest in 10.4% of the 

observations (Figure 4.10).  Wind speeds are 2.5 and 5 m s-1, similar to Das Island and 

Qarnen.  The maximum wind speed during July 2004 was 10.6 m s-1 from the northwest 

(325°).  Figure 4.11 shows the diurnal evolution of the winds at Dalma.  The sea breeze 

begins by 1600 LT and onshore winds continue until about 0100 LT, similar to the other 

island stations.  The land breeze begins after 0100 LT and continues until about 1300 LT.   

Sir Bani Yas, on an island 15 km north of the coast as shown in Figure 3.1, has 

the highest frequency of winds from the north (16.82%) and north-northeast (14.62%, 

Figure 4.12).  The fastest wind speed recorded during July 2004 was 9.7 m s-1 from the 

south (175°).  The diurnal evolution of the wind direction is shown in Figure 4.13.  From 

1600 LT to 0100 LT, the winds are northerly and northeasterly, indicative of the sea 

breeze.  Onshore winds end by 0400 LT and from 0400 LT to 1300 LT, the wind 

direction is variable. 

4.1.3.2. Coastal Stations 

Alqlaa, located on the coast as shown in Figure 3.1, has winds from the north in 

14.74% of the observations (Figure 4.14).  Wind speeds at the coast are usually 5-10      

m s-1.  The maximum recorded wind speed in July 2004 was 10.1 m s-1 from the south 

(175°).  This station had many more missing data points than the other stations, making 

the onset and ending time of the sea breeze more difficult to determine.  Figure 4.15  
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Figure 4.10.  Same as Figure 4.6, but for Dalma. 
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Figure 4.11.  Same as Figure 4.7, but for Dalma. 



 60

 

 
Figure 4.12.  Same as Figure 4.6, but for Sir Bani Yas. 
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Figure 4.13.  Same as Figure 4.7, but for Sir Bani Yas. 
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Figure 4.14.  Same as Figure 4.6, but for Alqlaa. 
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Figure 4.15.  Same as Figure 4.7, but for Alqlaa. 
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shows the diurnal evolution of the winds at this location.  The sea breeze forms between 

1000 LT and 1300 LT, earlier than the island stations, and ends sometime after 1900 LT.  

The hours of 2200 LT, 0100 LT, and 0400 LT are each missing about 20 observations, so 

the ending time of the sea breeze could not be determined.  

Abu Dhabi, also on the coast as shown in Figure 3.1, is located to the northeast of 

Alqlaa.  Figure 4.16 shows the frequency of wind directions at all hours during the day.  

There are two common wind directions at Abu Dhabi.  The main peak includes winds 

from the north-northwest (13.03% of observations) and north-northeast (12.24%).  The 

other peak occurs with southerly winds (11.77%).  The maximum recorded wind speed at 

Abu Dhabi in July 2004 was 7.9 m s-1 from the south-southeast (167°).  Figure 4.17 

shows the diurnal evolution of the winds.  At 0700 LT, the winds are typically southerly, 

indicating offshore flow.  This continues until between 1300 and 1600 LT, when the 

winds are more frequently northwesterly, or onshore, similar to Alqlaa.  During the 

overnight hours of 2200-0400 LT, the winds are most frequently from the northeast, 

parallel to the coastline at Abu Dhabi.  These wind speeds are similar to those found by 

Zhu and Atkinson (2004).  They found the monthly mean hourly wind speed to increase 

from 1-2 m s-1 during the night to 5-8 m s-1 during the day in 2002, with speeds at the 

higher end of these ranges during the summer months.  The wind direction and speed at 

Abu Dhabi is similar to that in the surface climate summary maintained by the Fleet 

Numerical Meteorology and Oceanography Detachment (FNMOD) and NCDC.  For the 

month of July, the most common wind direction they found was from the northwest.  The 

daily wind speed maximum of 13.3 knots (6.5 m s-1) occurred at 1600 LT.  FNMOD 

daily time series show the sea breeze in July develops by 1300 LT and continues until  
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Figure 4.16.  Same as Figure 4.6, but for Abu Dhabi. 
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Figure 4.17.  Same as Figure 4.7, but for Abu Dhabi. 
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2200 LT.  DWRS data for July 2004 indicates a slightly later onset time, sometime 

between 1300 LT and 1600 LT.  Similar wind patterns are found in FNMOD data for 

August and September. 

Ghantuat is located on the UAE coast to the northeast of Abu Dhabi (Figure 3.1).  

The wind direction is most frequently from the south-southeast (11.44% of observations; 

Figure 4.18).  The maximum wind speed in July 2004 was 11.2 m s-1 from the south-

southeast (150°).  The south-southeasterly wind direction is most common possibly due 

to a well-developed land breeze, as shown in the diurnal time series of winds at Ghantuat 

(Figure 4.19).  From 1600 to 2200 LT, the winds are from the northwest, perpendicular to 

the coastline.  At 0400 LT the winds have veered to southeasterly, indicating the land 

breeze during the night. 

Umm Al Quwain is located on the coast to the northeast of Ghantuat, as shown in 

Figure 3.1.  The frequency of the wind direction and speed is shown in Figure 4.20.  

Winds are northerly in 13.53% of the observations with wind speeds of 5-10 m s-1.  

Winds from the southeast are also typical (12.08%), but with wind speeds less than          

5 m s-1.  The maximum wind speed during July 2004 was 9.2 m s-1 from the west (278°).  

Figure 4.21 shows the diurnal evolution of the winds.  The sea breeze forms between 

1000 and 1300 LT and continues until 1900 LT.  By 0100 LT, the winds have veered to 

the southeast.  The land breeze continues until 1000 LT. 
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Figure 4.18.  Same as Figure 4.6, but for Ghantuat. 
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Figure 4.19.  Same as Figure 4.7, but for Ghantuat. 



 70

 
Figure 4.20.  Same as Figure 4.6, but for Umm Al Quwain. 
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Figure 4.21.  Same as Figure 4.7, but for Umm Al Quwain. 
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Wadi al Bih is located on the coast in northern UAE, northeast of Umm Al 

Quwain, as shown in Figure 3.1.  The winds are predominantly northerly (20.39% of 

observations) with speeds from 5-10 m s-1 (Figure 4.22).  The maximum wind speed 

during July 2004 was 7.6 m s-1 from the north (356°).  The beginning of the sea breeze at 

1300 LT with onshore northwesterly winds is evident in Figure 4.23.  This persists until 

2200 LT when northerly (sea breeze) and southwest (coast-parallel) winds are equally 

common.  Nighttime wind directions differ at Wadi al Bih as compared to other stations 

in eastern UAE, which have south to southeast winds.  Southwest winds are more 

predominant at Wadi al Bih.  

4.1.3.3. Inland Stations 

Alsamha is located northeast of Abu Dhabi about 15 km inland (Figure 3.1).  

Figure 4.24 shows the frequency of different wind directions at all times of the day.  The 

winds are almost equally common from either the north (13.21% of observations) or the 

south (12.74% of observations).  The maximum wind speed recorded during July 2004 

was 11.4 m s-1 from the south (192°).  Figure 4.25 shows the wind direction and speed at 

different times during the day.  The sea breeze forms about 1600 LT with northerly winds 

with speeds of 5-10 m s-1.  Onshore winds continue until after 0100 LT, when the winds 

turn offshore with the formation of the land breeze.  The land breeze lasts through the 

morning until the sea breeze reforms during the afternoon.   
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Figure 4.22.  Same as Figure 4.6, but for Wadi Al Bih. 
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Figure 4.23.  Same as Figure 4.7, but for Wadi Al Bih. 
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Figure 4.24.  Same as Figure 4.6, but for Alsamha. 
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Figure 4.25.  Same as Figure 4.7, but for Alsamha. 
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Alkhazna is located southeast of Abu Dhabi, in the interior of the UAE, as shown 

in Figure 3.1.  The winds are from the north in 16.56% of the observations (Figure 4.26).  

The maximum wind direction in July 2004 was 6.3 m s-1 from the south-southeast (159°).  

Figure 4.27 shows the diurnal variation of winds.  In the morning, the winds are from the 

south, until 1600 LT when there is no defined predominant wind direction.  From 1900 

LT to 0100 LT the winds are typically from the north, suggesting the sea breeze from the 

Arabian Gulf can penetrate this far inland.  In addition to influences from the land-sea 

interface, interactions with the Al-Hajar Mountains can be important in this location.  

Al Faqa is located inland northeast of Alkhazna, near the UAE/Oman border 

(Figure 3.1).  The winds here are most typically from the south (11.27%), but are 

northerly in 10.13% of the observations (Figure 4.28).  The maximum wind speed was 

8.3 m s-1 from the north-northwest (340°) during July 2004.  Al Faqa is closer to the Al-

Hajar Mountains than Alkhazna.   The diurnal variation, shown in Figure 4.29 of the 

winds is pronounced at Al Faqa.  During the morning, from 0700 LT to 1300 LT, the 

winds are easterly veering to southwesterly, suggesting an influence from the mountains 

or the Gulf of Oman.  By 1900 LT the winds have become northerly and then veer to 

easterly by 0100 LT. 

Al Heben is located in eastern UAE, just inland of the Gulf of Oman coast in the 

Al-Hajar Mountains at an elevation of 933 m (Figure 3.1).  The winds at Al Heben would 

be expected to be dominated by interactions with the Gulf of Oman rather than the 

Arabian Gulf for the stations discussed thus far.  Figure 4.30 shows the daily wind 

direction frequency distribution.  The predominant wind direction is southeasterly 

(29.13% of the observations), which is onshore flow from the Gulf of Oman. Wind  
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Figure 4.26.  Same as Figure 4.6, but for Alkhazna. 
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Figure 4.27.  Same as Figure 4.7, but for Alkhazna. 
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Figure 4.28.  Same as Figure 4.6, but for Al Faqa. 
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Figure 4.29.  Same as Figure 4.7, but for Al Faqa. 
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speeds peak at that direction at values greater than 10 m s-1.  The maximum wind speed 

during July 2004 was 14.3 m s-1 from the east-southeast (108°).  Figure 4.31 shows the 

diurnal evolution of the winds.  From 0700 LT until 1900 LT the winds are southeasterly 

with speeds of 5-10 m s-1.  At 1900 LT and continuing until 0400 LT, the winds are 

equally from either the northwest or the southeast.  The distance from the Gulf of Oman 

to the Arabian Gulf in this part of the UAE is about 100 km and Al Heben could be 

influenced by flow from either coastline, depending on the blocking effects of the 

mountains and the intensity of the sea breeze from either coast. 

Al Manama is west-northwest of Al Heben and is located inland, nearly 

equidistant between the Gulf of Oman and Arabian Gulf coasts, as shown in Figure 3.1.  

It is west of the Al-Hajar Mountains at an elevation of 217 m.  Figure 4.32 shows that the 

winds are most frequently from the southeast, in 19.03% of the observations.  The 

maximum wind speed during July 2004 was 10.8 m s-1 from 134°.  As shown in Figure 

4.33, wind direction in the morning hours is easterly through southerly.  By 1600 LT the 

wind has two distinct directions, northwest and southeast.  By 0100 LT the winds have 

shifted to become easterly associated with either or both of the land breeze formation and 

downslope winds from the mountains.    

Based on the data from the 14 stations used in this study, the sea breeze along the 

southern Arabian Gulf coast begins between 1300 and 1600 LT at the coast.  For stations 

further from the coast, both inland and offshore, the sea breeze begins later, between 

1600 and 1900 LT.  Nearer the Gulf of Oman coast, the sea breeze from the Gulf of 

Oman begins around 1300 LT.  At 1900 LT, stations on the Gulf of Oman coast 

experience northwesterly winds, which could either be the Arabian Gulf sea breeze or 
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Figure 4.30.  Same as Figure 4.6, but for Al Heben. 
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Figure 4.31.  Same as Figure 4.7, but for Al Heben. 
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Figure 4.32.  Same as Figure 4.6, but for Al Manama. 
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Figure 4.33.  Same as Figure 4.7, but for Al Manama. 



 87

downslope winds from the Al-Hajar Mountains.  The sea breeze ends after sunset.  For 

inland stations, onshore winds continue until 2200 to 0100 LT.  Onshore winds continue 

at stations along the coast and offshore until 0100 LT and 0400 LT.  The onshore winds 

after sunset are probably due to the prevailing synoptic winds, which also have an 

onshore direction.  The land breeze forms once the desert cools and the land become 

relatively cooler than the sea surface temperature.  The land breeze affects the inland 

stations first, and the coastal and offshore stations later in the night.  The land breeze 

continues through the night and morning until the sea breeze develops. 

4.2. Observations during the UAE2 Experiment 

4.2.1. Large-Scale Weather Conditions 

The majority of the United Arab Emirates – Unified Aerosol Experiment (2004) 

(UAE2) occurred during the southwest monsoon.  There were several large scale weather 

patterns that occurred in the Southwest Asia region from the middle of August until early 

October (A. Walker, personal communication).  A 10-day regime began on 19 August as 

the ridge extending from the Red Sea to Iran amplified and moved north over the Caspian 

Sea.  A mesoscale trough moved onto the southern Arabian coast and became a cutoff 

low, increasing in height to the 700 hPa level.  Towards the end of this period, from 23-

25 August there were fewer stratus clouds over the Strait of Hormuz, with more 

convection over the mountains in Oman.  From 25-28 August the ridge moved back over 

the region and intensified, causing little to no stratus clouds over the southern Arabian 

Gulf and the Strait of Hormuz, and less convection in the mountains.  On 29 August, the 

cutoff low moved east into the northern Arabian Sea and the high pressure system 

expanded.  On 11 September, a mid-latitude trough moved over the region from the 
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Mediterranean Sea.  This strong dynamic forcing caused dust generation in the Tigris-

Euphrates Valley of Iraq.  The dust moved south over the Arabian Gulf, arriving in the 

UAE on 12 September.  The last weather regime change during the experiment occurred 

on about 26 September with the monsoon ending between 24 and 27 September.  This 

caused the end of the southwesterly winds over the northern Arabian Sea.  The 

termination of the monsoon ended the southwesterly Somali Jet and allowed a tropical 

cyclone to move westward across the northern Arabian Sea.  This year was considered to 

have heavier dust and pollution than a typical year, as aerosol optical thickness (AOT) 

was on average 0.5 as compared to the typical AOT of 0.35. 

4.2.2. Mesoscale Weather Conditions 

 Embedded in the large scale patterns are smaller scale weather patterns.  The light 

northwesterly winds over the Arabian Gulf allow for the formation of a sea breeze during 

the day and a land breeze at night.  The horizontal extent of the sea breeze over the land 

and offshore varies, as do the time of the day the sea breeze forms.  During the night, a 

land plume crosses the southern Arabian Gulf and can be seen as an elevated mixed layer 

in the 0000 UTC (0400 LT) soundings at Abu Dhabi.  From early August through early 

October, there were eight dust events and 5 pollution events.  

 Haboob winds are another major mesoscale feature.  The American 

Meteorological Society (AMS) Glossary of Meteorology defies a haboob as a strong 

wind causing a sandstorm or dust storm.  It can be caused by cool downdrafts from a 

thunderstorm.  The cool air in the downdraft surges along the ground horizontally, 

creating a gust front that can pick up large amounts of dust.  Typical average maximum 

wind velocity is over 13 m s-1 and a maximum speed of 28 m s-1 has been recorded.  The 
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wall of dust can be 1000 m high.  Haboobs last about three hours.  During the UAE2 

experiment, Haboobs occurred on 13 September and on 22 September.  

4.2.3. Typical Soundings and Boundary Layer 

 Radiosonde soundings are available twice daily at Abu Dhabi International 

Airport at 0000 and 1200 UTC (0400 and 1600 LT).  From 1 August to 5 October 2004, 

of a possible 132 soundings, 125 were available.  From these soundings, 27 of the 1200 

UTC (1600 LT) soundings had easily identifiable boundary layer heights.  The boundary 

layer was determined by considering the values of potential temperature (θ), equivalent 

potential temperature (θe), and virtual potential temperature (θv).  Within the boundary 

layer, there is little variation in these variables.  At the top of the boundary layer, all three 

typically have a sharp gradient.  The top of the boundary layer was subjectively chosen as 

the point where a sharp gradient in the vertical θ, θe, and θv fields occurred.  The average 

height of the 1200 UTC (1600 LT) boundary layer was found to be about 1020 m, but it 

exhibited a large variation from day to day, ranging from about 300 m to about 2300 m. 

Typical profiles from summer 2004 are shown in Figure 4.34.  The 0000 UTC 

(0400 LT) soundings can generally be divided into two categories based on the stability 

of the near-surface layer.  Most of the 0000 UTC (0400 LT) soundings are stable near the 

surface, but about a quarter of the soundings show a well-mixed or unstable layer near the 

surface.  The largest variation in the 1200 UTC (1600 LT) soundings is due to the depth 

of the boundary layer.  One sounding representing each of these four groups is given in 

Figure 4.34.  A stable near-surface layer existed on 23 August with a slightly stable layer 

from about 1000-4200 m.  The wind direction within the near-surface layer was from the 

southeast (Figure 4.34a).  Winds above the near-surface layer were northerly.  On 13 
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September, the near surface is well-mixed with southeasterly winds, and an elevated 

mixed layer is present from about 3600-5400 m with easterly winds (Figure 4.34b).  The 

variation in the daytime boundary layer depth is shown in the 1200 UTC (1600 LT) 

soundings from 16 and 26 August (Figure 4.34c and Figure 4.34d, respectively).  The 

boundary layer height on 16 August is 795 m, while on 26 August it is 2393 m.  A 

difference can also be seen in 1200 UTC (1600 LT) soundings in the vertical distribution 

of the wind direction.  The wind direction depends on the presence of a sea breeze.  On 

16 August, the winds were from the northwest in the lowest 1000 m, meaning a sea 

breeze had formed.  On 26 August, the winds in the lowest 3000 m were southerly or 

southwesterly as the sea breeze had not yet formed.   

4.2.4. Sea and Land Breeze Circulations 

The frequency of sea and land breezes in the UAE at both Abu Dhabi and Alqlaa 

was determined from the 1 August to 5 October 2004 time period.  Abu Dhabi was 

selected because of the proximity of the radiosonde soundings that can help characterize 

the depth of the sea breeze and land breeze circulations.  Alqlaa, located on the coast, was 

chosen because of its location in relation to island stations to its north and inland stations 

to its south.  This distribution of stations allows for determining the horizontal extent of 

the sea breeze inland and offshore.   

Sea breezes occurred on about 80% of the days from 1 August to 5 October at 

Abu Dhabi.  Land breezes occurred on about 75% of the days.  This is less often than the 

climatological frequency of sea and land breezes shown previously in Table 4.1.  

Climatologically, more than 90% of the days in August, September, and October have 

both sea and land breezes.  The sea breeze typically formed in the early afternoon,  
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Figure 4.34.  Example soundings at Abu Dhabi of 0000 UTC (0400 LT) virtual potential temperature 
from (a) 23 August and (b) 13 September 2004, and 1200 UTC (1600 LT) virtual potential 
temperature from (c) 16 August and (d) 26 August 2004.   
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between about 1200-1400 LT (0800-1000 UTC).  The land breeze formed between 0100 

LT (2100 UTC) and 0700 LT (0300 UTC).  From radiosonde soundings at Abu Dhabi, 

the vertical extent of the onshore winds can be determined for the sea breezes that had 

formed by the time of the sounding.  On most days, the onshore winds extend above the 

height of the boundary layer.  Kalthoff et al. (2002) noted some of their soundings in 

Chile had sea breeze winds that extended above the height of a capping potential 

temperature inversion.  There are several days where the sea breeze circulation is 

contained within the boundary layer.  An example of this is shown in Figure 4.35 for 24 

August 2004.  The sea breeze began at 1500 LT (1100 UTC).  The sounding from an 

hour later (1200 UTC), indicated a boundary layer height of 1510 m.  The onshore winds 

extended to a height of 732 m, with offshore flow above this level.   

The onshore winds are typically contained in approximately the lowest one-third 

of the sea breeze circulation.  The return offshore winds make up the upper two-thirds of 

the circulation.  This difference is due to the faster winds near the surface resulting in less 

mass and a thinner layer.  The return flow is slower than the onshore flow and the 

resulting larger amount of mass results in a thicker layer.  The height of the onshore 

winds in relation to the height of the boundary layer depends on the timing of the growth 

of the boundary layer.  If the slope of the boundary layer is gradual, the top of the 

boundary layer will occur within the onshore winds and the onshore flow will continue 

above the top of the boundary layer.  If the slope is steeper, the top of the boundary layer 

will be located at a higher altitude in relation to the sea breeze circulation.     
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Figure 4.35.  (a) Virtual potential temperature and (b) wind direction soundings from Abu Dhabi on 24 August 2004 at 1200 UTC (1600 LT).  The depth 
of the boundary layer and onshore winds are noted on the figure. 
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Sea breezes occurred on about 75% of the days at Alqlaa, while land breezes 

occurred about 70% of the days.  The sea breeze and land breeze formed at Alqlaa at 

about the same time as they formed at Abu Dhabi.  The offshore and onshore extent of 

the sea breeze varies from day to day, however for most days from 1 August to 5 October 

2004, the sea breeze was present from Das Island (115 km offshore) southward through 

Mukhariz (130 km onshore).  These values are consistent with the modeling study by 

Xian and Pielke (1991) that found sea breeze fronts can penetrate inland 100 km.   

Both the sea and the land breeze can be overwhelmed by strong synoptic onshore 

winds.  There were seven periods from 1 August to 5 October where the wind speed over 

the Arabian Gulf (as measured 115 km offshore) exceeded 6 m s-1, twice the average 

wind speed at that location.  A sea breeze formed during those periods when the 

maximum wind speed was less than about 7.5 m s-1.  When the maximum wind speed 

was higher than 7.5 m s-1, no sea breeze or land breeze formed.  This value is higher than 

the 3 m s-1 found by Arritt (1993) as the maximum speed of onshore flow that allows for 

sea breeze formation.     

4.2.4.1. Horizontal Extent of the Sea Breeze 

DWRS observations were used to determine the horizontal extent of the sea 

breeze and land breeze circulations during the summer of 2004.  Stations oriented along a 

north-south line were selected to demonstrate the evolution of the horizontal extent of the 

sea breeze over the Arabian Gulf and inland.  These stations include Das Island (115 km 

offshore), Qarnen (85 km offshore), Dalma (55 km offshore), Sir Bani Yas (15 km 

offshore), Alqlaa (on coast), Owtaid (80 km inland), and Mukhariz (130 km inland).  The 

locations of these stations can be seen in Figure 3.1.  At these stations, the coastline is 
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oriented approximately west to east.  This results in northerly (270° to 90° with respect to 

north) winds forming a sea breeze.  Land breeze winds are between 90° and 270°.  The 

wind direction at these stations on 3-4 September and 9-10 September 2004 show the 

varying horizontal extent of the sea breeze. 

Observations during 3-4 September 2004 show the difference in inland extent of 

the sea breeze for two consecutive days.  The wind direction for 3-4 September is shown 

in Figure 4.36.  Onshore winds can be seen at the beginning of the time period shown in 

Figure 4.36.  Offshore winds form between 0100 LT (2100 UTC) and 1000 LT (0600 

UTC), and continue through the morning until 1500 LT (1100 UTC) when the sea breeze 

starts at the stations at Sir Bani Yas and Dalma, located at 15 km and 55 km offshore, 

respectively.  The sea breeze begins at the coast and the two islands furthest from the 

coast by 1600 LT (1200 UTC).  Southerly winds remain throughout the day at the inland 

stations of Owtaid and Mukhariz, meaning the sea breeze did not reach their location.  

The sea breeze lasts until about 2300 LT (1900 UTC), when offshore winds are noted at 

Alqlaa, on the coast.  The horizontal extent of the sea breeze on 3 September was thus at 

least 115 km offshore, no observations are available north of Das Island.  The onshore 

extent is estimated to be less than 80 km.  Thus, the total width of the sea breeze was at 

least 195 km.  There are no stations between Alqlaa and Owtaid to determine the onshore 

extent more precisely.   

The sea breeze begins on 4 September at 1200 LT (0800 UTC) and reaches the 

inland stations by 1700 LT (1300 UTC) and the furthest island station by 2200 LT (1800 

UTC).  Stronger prevailing winds over the southern Arabian Gulf may have caused the 

seaward penetration of the sea breeze to occur later in the afternoon than the inland  
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Figure 4.36.  Wind direction beginning at midnight local time 3 September 2004 through midnight local time 5 September 2004 at 4 island stations, 1 
station on the coast, and 2 inland stations.  Time is in local time (UTC + 4 hours). 
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penetration.  Because there are no stations north of Das Island or south of Mukhariz, the 

horizontal extent of the sea breeze on 4 September can only be determined to be at least 

115 km offshore and at least 130 km onshore, for a total width of at least 245 km.  The 

difference in the horizontal extent of the sea breeze between 3 September and 4 

September appears to be due to low-level southerly winds over the southeastern Arabian 

Peninsula on the 3rd, inhibiting the southward penetration of the sea breeze front.  On 

both days a similar trend in the development of the sea breeze circulation is observed.  

Onshore winds form first either at the coast or just offshore.  Throughout the afternoon 

the sea breeze circulation increases in width and extends further inland and offshore.     

The sea breeze extends through all the island and onshore stations for 9-11 

September 2004.  Figure 4.37 shows the wind direction every hour from midnight local 

time on 9 September to 1600 LT 11 September 2004.  Onshore sea breeze winds on 8 

September are evident at Das Island and Owtaid.  The land breeze forms by 0700 LT 

(0300 UTC) at all stations on 9 September and lasts until 1300 LT (0900 UTC).  The sea 

breeze is evident first at 1300 LT (0900 UTC) at Alqlaa when the wind shifts to become 

onshore.  The sea breeze extends inland to Mukhariz by 1500 LT (1100 UTC).  The sea 

breeze progressively extends further northward, reaching Das Island by 2100 LT (1700 

UTC).  The sea breeze ends at the coast earliest, around 2300 LT (1900 UTC).  The land 

breeze lasts until about 1300 LT (0900 UTC) on 10 September.  Das Island, Qarnen, and 

Dalma experience onshore winds from 0500-0800 LT (0100-0400 UTC).  Observed 

winds at 925 hPa at Bahrain and Qatar (west-central Arabian Gulf) were northerly with 

speeds of 8-11 m s-1 at 0000 UTC 10 September.  These winds could have disrupted the 

offshore flow from UAE that was present in the previous hours at Das Island, Qarnen, 
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Figure 4.37.  Wind direction beginning at midnight local time 9 September 2004 through 1600 LT 11 September 2004 at the same stations as Figure 
4.36.  Time is in local time (UTC + 4 hours). 
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and Dalma. The total width of the sea breeze circulation on 9 September was at least 245 

km.   

The sea breeze on 10 September is first evident at the coast at 1300 LT (0900 

UTC).  The sea breeze reaches the island stations earlier than on 9 September, and its 

southern extent varies with Mukhariz only reporting onshore winds at 1600 LT (1200 

UTC), and not again until 2000 LT (1600 UTC).  The horizontal extent of the sea breeze 

circulation can only be determined to be at least 115 km offshore, and between 80 and 

130 km onshore, for a total width of 190 to 245 km.  The sea breeze on 11 September is 

first evident at Alqlaa, located on the coast, at 1100 LT.  The sea breeze begins to extend 

offshore at 1200 LT, and onshore at 1400 LT.  On all three days, the sea breeze formed 

first along the coast and increased in width during the afternoon.    

4.2.4.2. Vertical Extent of Sea Breeze 

The vertical extent of the sea breeze, a feature typically contained within the 

boundary layer, can best be determined from vertical profiles of wind direction.  It is 

difficult to quantify the vertical extent of the boundary layer from radiosondes because of 

the variable and often course resolution.     

Radiosonde data from Abu Dhabi is used to examine the vertical extent of the sea 

breeze from 1 August to 5 October.  The vertical extent of the onshore winds was 

determined for 51 soundings taken at 1200 UTC (1600 LT).  In five of these soundings, 

the winds near the surface were offshore.  The remaining 46 soundings either showed 

onshore winds contained within the boundary layer, or extending to a height above the 

boundary layer.  These soundings have a horizontal resolution of at best one 

measurement per 100 m.  This leads to difficulty in determining the depth of the onshore 
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winds, particularly when there are few measurements in the lowest 1 to 2 km.  Therefore, 

the accuracy of the height of the boundary layer and the depth of the onshore winds is 

dependent on the availability of measurements.  Three days were selected to display the 

varying height of the boundary layer and onshore winds.  Virtual potential temperature 

and wind direction are plotted for 1200 UTC (1600 LT) on 4, 9, and 10 September 2004.  

On 4 September, both the onshore flow and the return flow are evident.  On 9 and 10 

September, the onshore winds extend through the height of the boundary layer.   

The virtual potential temperature and wind direction profile at 1200 UTC (1600 

LT) 4 September 2004 is shown in Figure 4.38.  The boundary layer height is about 1500 

m.  Onshore winds occur at the surface to a height of about 750 m, with the return flow 

above this to about 1100 m giving the sea breeze circulation a height of 1100 m.  Within 

the onshore winds, the virtual potential temperature sounding is stable, with neutral 

conditions above the sea breeze circulation to the top of the boundary layer.  High values 

of water vapor mixing ratio are located within the boundary layer due to the advection of 

maritime air by the sea breeze.  Above the boundary layer, the values decrease by a factor 

of two (not shown).       

Similar profiles are shown in Figure 4.39 for 1200 UTC (1600 LT) 9 September 

2004.  The boundary layer height is about 1100 m.  The winds near the surface are from 

the northwest (onshore) and back with height to 518 m, then veer with height through the 

rest of the boundary layer.  Onshore winds extend above the top of the boundary layer to 

about 1600 m.  Above 1600 m, the wind direction becomes parallel to the UAE coastline.  
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Figure 4.38.  (a) Virtual potential temperature and (b) wind direction profiles at 1200 UTC (1600 LT) on 4 September 2004 at Abu Dhabi.  The height of 
the boundary layer, the height of the onshore sea breeze flow, and the location of the return flow is indicated. 
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Figure 4.39.  (a) Virtual potential temperature and (b) wind direction profiles at 1200 UTC (1600 LT) 9 September 2004 at Abu Dhabi.  The depth of 
the boundary layer and the onshore winds are indicated. 
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Virtual potential temperature and wind direction profiles for 1200 UTC (1600 LT) 

10 September 2004 is shown in Figure 4.40a and Figure 4.40b, respectively.  The wind 

direction profile is similar to that on 9 September, but the onshore sea breeze winds 

extend to 1678 m.  The boundary layer depth is 1478 m. The winds above 1678 m, in the 

elevated mixed layer, are parallel to the coast.  

During the UAE2 experiment, additional soundings were done between 11 

September and 1 October 2004 at the MAARCO site (24.70°N, 54.66°E) located to the 

northeast of Abu Dhabi.  These soundings have a much finer vertical resolution, with 

measurements taken about every 2-5 m.  The 16 September 2004 sounding at 0700 UTC 

(1100 LT) is shown in Figure 4.41.  The boundary layer height is 860 m.  The onshore 

winds extend above the top of the boundary layer to 900 m.  Above 900 m, southerly and 

southeasterly offshore winds extend to a height of about 7700 m.  At 1200 UTC (1600 

LT) the same day at Abu Dhabi, the boundary layer height is 732 m with onshore winds 

to 1072 m.  Additional soundings from the MAARCO site will be discussed in Section 

4.3.2.   

4.2.5. Land Plume 

The land plume is an elevated mixed layer evident during the night.  The elevated 

mixed layer is the remnants of the residual layer from the previous day.  It stays aloft 

over the modified air mass below. Aerosols and gases get transported within the land 

plume.  The existence of a land plume has been noted over the Arabian Sea, west of India 

(Simpson and Raman 2004).  An investigation of 0000 UTC (0400 LT) soundings from
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Figure 4.40.  (a) Virtual potential temperature and (b) wind direction profiles at 1200 UTC (1600 LT) 10 September 2004 at Abu Dhabi.  The depth of 
the boundary layer and the onshore winds are indicated.
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Figure 4.41.  (a) Potential temperature and (b) wind direction profiles at MAARCO site at 0700 UTC (1100 LT) 16 September 2004.  The depth of the 
boundary layer and onshore winds are indicated. 
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Abu Dhabi during summer 2004 indicates the presence of a land plume in about 75% of 

the soundings.  The depth of this well-mixed layer averages about 2500 m at a height 

from about 2500 m to 5000 m.  The location of the well-mixed layer varies vertically.  

The aerosol transport within the land plume can be verified with vertical aerosol profiles, 

or with lidar data.  

An example of a nighttime sounding with a land plume at Abu Dhabi is shown in 

Figure 4.42 on 9 September 2004 at 0000 UTC (0400 LT).  An elevated mixed layer, or 

land plume, can be seen from 2708 m to 4870 m.  The wind direction in this layer is from 

the northeast, giving the well-mixed layer a source region in Iran.  Its depth indicates that 

on 8 September the daytime boundary layer over Iran had a depth of about 2100 m.    

4.2.6. Aircraft Data 

  Meteorological measurements are available from aircraft flights during the UAE2 

experiment on August 27, 28, and 29, September 1, 3, 7, 8, 10, 12, 13, 28, 29, and 30, and 

October 1, 2, 3, and 5.  Beginning with the flight on 7 September, aerosol measurements 

are available.  Aerosols were measured by size, based on diameter ranging from 0.8-14 

μm, as shown in Table 4.2.  The aerosol concentrations in the size bins of 1-2 μm and 2-3 

μm were summed to determine the concentration of dust in the atmosphere.  The vertical 

aerosol profiles are compared to vertical profiles of potential temperature measured by 

the aircraft, and wind direction and wind speed profiles from Abu Dhabi. 
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Table 4.2.  Aerosol size bins for aerosol measurements by the Aerocommander aircraft during UAE2. 
Aerosol Channel Size Range (μm) 
1 0.8-1 
2 1-2 
3 2-3 
4 3-4 
5 4-5 
6 5-6 
7 6-7 
8 7-8 
9 8-9 
10 9-10 
11 10-11 
12 11-12 
13 12-13 
14 13-14 



 108

 
Figure 4.42.  0000 UTC (0400 LT) (a) virtual potential temperature and (b) wind direction profiles at Abu Dhabi on 9 September 2004 showing the land 
plume from Iran, indicated by the northeasterly winds. 
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 Potential temperature soundings as measured by the aircraft for 27 and 30 August 

and 1 and 3 September 2004 are plotted with wind direction and wind speed vertical 

profiles.  No aircraft aerosol data is available for these days.  On 27 August (Figure 4.43), 

the flight from 1248 to 1343 UTC (1646-1743 LT) was along the coast and over land to 

the southwest of Abu Dhabi, as shown in Figure 4.43.  The potential temperature 

sounding indicates an inversion at about 500 m with a slightly stable layer to about 3750 

m (Figure 4.44).  The wind direction near the surface at Abu Dhabi at 1200 UTC (1600 

LT) is southwesterly and backs to easterly with height.  The surface wind direction was 

also southerly to east-southeasterly.   

On 30 August, the vertical profile was done at the MAARCO site (24.7°N, 

54.66°E) between 0820 and 0930 UTC (1220-1330 LT; Figure 4.45).  The potential 

temperature sounding in Figure 4.46 for the 30 August flight shows a shallow boundary 

layer with an inversion of about 10 K.  The surface wind direction near MAARCO during 

the time of the sounding was southerly, backing to westerly by 1000 UTC (1400 LT).  

The only available vertical wind direction profile is at Abu Dhabi at 1200 UTC (1600 

LT), which shows northwesterly winds to a height of 2000 m.   

On 1 September, the flight left Abu Dhabi and flew west towards Dalma (24.5°N, 

52.3°E) and performed an offshore profile near Dalma (Figure 4.47).  Figure 4.48 shows 

the potential temperature, wind direction and wind speed profiles for 1 September.  The 

marine boundary layer was shallow, less than 500 m, capped with a 10 K potential 

temperature inversion.  The wind direction in both the 0000 and 1200 UTC (0400 and 

1600 LT) soundings show northwesterly winds at Abu Dhabi.  The surface winds at 

Dalma at the time of the vertical profile were north-northwesterly at 4.2-4.3 m s-1.   



 110

 
Figure 4.43.  Flight path summary for 27 August 2004, 1244-1343 UTC(1644-1743 LT) flight.  Figure courtesy of J. Reid. 
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Figure 4.44.  (a) Wind direction and (b) wind speed vertical profiles from 1200 UTC (1600 LT) 27 
August 2004 at Abu Dhabi.  (c) Aircraft potential temperature profile onshore near 24°N, 53.75°E at 
1248-1343 UTC (1648-1743 LT) 27 August 2004.  The surface wind direction was southerly to east-
southeasterly. 
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Figure 4.45.  Flight path summary for 30 August 2004, 0418-0753 UTC (0818-1153 LT) flight.  Figure courtesy of J. Reid. 
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Figure 4.46.  (a) Wind direction and (b) wind speed vertical profiles at 1200 UTC (1600 LT) 30 
August 2004 at Abu Dhabi.  (c) Aircraft potential temperature profile at MAARCO (24.7°N, 54.65°E) 
at 0820-0930 UTC (1220-1330 LT) 30 August 2004.  The surface wind direction was southerly and 
became westerly by the end of profile. 
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On 3 September (Figure 4.49), a vertical profile was performed over the 

MAARCO site (24.7°N, 54.66°E).  No flight path summary is available for this day, but 

the flight included overpasses of the MAARCO site and then turned to the southwest 

towards Hamim (22.9°N, 54.3°E).  An elevated mixed layer was present from 4000 to 

5000 m.  The winds in this layer over Abu Dhabi were northeasterly at 0000 UTC (0400 

LT) becoming northerly by 1200 UTC (1600 LT).  The surface winds near the MAARCO 

site and over land towards Hamim were southerly with speeds of about 6 m s-1.  

 The flight path on 7 September 2004 included the near-shore atmosphere between 

Sir Bu Nair island (25.2°N, 54.23°E) and the MAARCO site (Figure 4.50).  A vertical 

profile from 18000 ft (5500 m) to 50 ft (15 m) was performed at the coast at the 

MAARCO site (24.7°N, 54.66°E) from 0548 to 0709 UTC (0948-1109 LT).  The surface 

wind direction at the Alsamha station (24.7°N, 54.8°E) at this time was east-southeasterly 

with speeds of 3.3-5.1 m s-1.  The sounding, as shown in Figure 4.51, indicates an 

inversion below 1000 m.  The wind direction in this layer at Abu Dhabi at 0000 UTC 

(0400 LT) was northeasterly.  By 1200 UTC (1600 LT) the wind direction in the lowest 

400 m was northerly with northeasterly to easterly winds above 400 m.  Contained below 

this inversion are the highest dust concentrations, with concentrations of 2-7         

particles cm-3.  Above the inversion, the concentration decreases to less than 1 particles 

cm-3.  The surface wind direction suggests a source region in the UAE.     
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Figure 4.47.  Flight path summary for 1 September 2004, 0508-0831 UTC (0908-1231 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.48.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 1 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature profile at Dalma 
(24.5°N, 52.3°E) at 0600-0721 UTC (1000-1121 LT) 1 September 2004.  The surface wind direction at 
Dalma was north-northwesterly. 
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Figure 4.49.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 3 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature profile from 
MAARCO (24.5°N, 54.65°E) to Hamim (22.97°N, 54.3°E) at 0448-0601 UTC (0848-1001 LT) 3 
September 2004.  The winds over the land from MAARCO to Hamim were southerly. 
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Figure 4.50.  Flight path summary for 7 September 2004, 0456-0825 UTC (0856-1225 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.51.  (a) Wind direction and (b) wind speed vertical profiles at 1200 UTC 7 September 2004 
at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust concentration profiles at MAARCO 
(24.7°N, 54.66°E) at 0548-0709 UTC (0948-1109 LT) 7 September 2004.  Surface wind directions 
were east-southeasterly. 
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Two profiles were also conducted on 8 September at MAARCO from 0739-0755 

UTC (1139-1155 LT) and at Sir Bu Nair island from 0815-0934 UTC (1215-1334 LT; 

Figure 4.52).  Figure 4.53 includes the wind direction, wind speed, potential temperature, 

and dust concentration vertical profiles for the first sounding.  Figure 4.54 includes the 

profiles for the second sounding.  The highest dust concentrations (2-3 particles cm-3) are 

below the potential temperature inversion at both locations.  The wind direction in both 

the 0000 and 1200 UTC (0400 and 1600 LT) soundings from Abu Dhabi indicates 

southerly to southwesterly winds below 1000 m.  Above 1000 m the winds are 

northeasterly to easterly.  The surface winds near MAARCO and Sir Bu Nair island were 

southerly with speeds of about 8 m s-1.  This indicates a local source region for this dust, 

most likely in the UAE.  The southerly wind direction results in the dust being 

transported about 80 km offshore to reach Sir Bu Nair.   

On 10 September 2004 one onshore profile was performed near Hamim (22.9°N, 

54.3°E) between 0548 and 0704 UTC (0948-1104 LT; Figure 4.55).  This morning flight 

indicates the presence of a well-mixed layer up to 1000 m (Figure 4.56c).  The highest 

dust concentrations (1.5-2 particles cm-3) were located above the potential temperature 

inversion (Figure 4.56d).  The wind direction at 0000 UTC (0400 LT) at Abu Dhabi was 

southeasterly to westerly in the well-mixed layer.  By 1200 UTC (1600 LT) the winds at 

Abu Dhabi had become northwesterly.  The surface wind direction at Hamim was 

easterly at 0500 UTC (0900 LT) and veered to southwesterly by 0700 UTC (1100 LT).  

The wind direction in the layer with the highest dust concentration veered with height 

from westerly to southerly.  This suggests a dust source region on the Arabian Peninsula. 
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Figure 4.52.  Flight path summary for 8 September 2004, 0725-1035 UTC (1125-1435 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.53.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 8 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles near MAARCO (24.7°N, 54.66°E) at 0739-0755 UTC (1139-1155 LT) 8 
September 2004.  The winds at MAARCO are southerly. 
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Figure 4.54.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 8 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles near Sir Bu Nair (25.22°N, 54.23°E) at 0815-0934 UTC (1215-1334 LT) 8 
September 2004.  The winds at Sir Bu Nair are southerly. 
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Figure 4.55.  Flight path summary for 10 September 2004, 0418-0753 UTC (0818-1153 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.56.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 10 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Hamim (22.9°N, 54.3°E) at 0548-0704 UTC (0948-1104 LT) 10 September 
2004.  The surface wind direction at Hamim veered with time from easterly to southwesterly. 
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Two vertical offshore profiles were performed on 12 September.  The first was 

located near the Gulf of Oman coast at Dhudna (25.5°N, 56.4°E) from 18400 ft (5600 m) 

to 200 ft (600 m) from 0537 to 0749 UTC (0937 to 1149 LT).  The location of this 

vertical profile is shown in Figure 4.57.  A well-mixed layer was located near the surface, 

capped by an inversion around 500 m (Figure 4.58c).  Further aloft, another well-mixed 

layer was present from 3000 to 5000 m.  The maximum dust concentration occurred at a 

height of 1000 m with a concentration of over 1 particles cm-3, as shown in Figure 4.58d.  

Surface winds at Dhudna were northerly at 0500 UTC (0900 LT), veering to easterly at 

0800 UTC (1200 LT).  The lack of wind measurements above the surface at Dhudna 

complicates the determination of a dust source region.  Another offshore profile was 

performed later in the morning near Abu Dhabi and MAARCO (25.1°N, 54.2°E) from 

1046-1107 UTC (1446-1507 LT).  The location of this flight path is shown in Figure 

4.59.  There was a well-mixed layer up to about 800 m capped by an inversion (Figure 

4.60c).  The maximum dust concentration at this location was near the surface with 

concentrations decreasing rapidly above 800 m, as shown in Figure 4.60d.  Winds at Abu 

Dhabi were westerly to northwesterly in both the 0000 and 1200 UTC soundings (0400 

and 1600 LT; Figure 4.60a).  The surface winds near MAARCO were west-northwesterly 

at the time of the profile.  A strong dust storm moved to the southeast across the Arabian 

Gulf from Iraq on 11 September, reaching the UAE on 12 September, as previously 

discussed in Section 4.2.1.  The higher near surface dust concentrations in this sounding 

are a result of this dust storm. 



 127

 
Figure 4.57.  Flight path summary for 12 September 2004, 0440-0829 UTC (0840-1229 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 



 128

 

 
Figure 4.58.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 12 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles over the Gulf of Oman at 25.5°N, 56.4°E at 0537-0749 UTC (0937-1149 LT) 12 
September 2004.  Surface wind directions were northerly and veered to easterly.
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Figure 4.59.  Flight path summary for 12 September 2004, 0936-1111 UTC (1336-1511 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.60.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 12 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles near MAARCO and Abu Dhabi at 25.1°N, 54.2°E at 1046-1107 UTC (1446-
1507 LT) 12 September 2004.  Surface winds at MAARCO were west-northwesterly. 
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On 13 September 2004, the aircraft performed a vertical profile offshore near the 

MAARCO site (24.7°N, 54.6°E) along the coast from 0650-0754 UTC (1050-1154 LT; 

Figure 4.61).  No flight path summary image is available for this day.  As shown in 

Figure 4.61c, a well-mixed layer had formed up to about 750 m.  This was capped by a 

10 K potential temperature inversion.  Dust concentrations within the well-mixed layer 

were 2-3 particles cm-3, while above the inversion the concentration decreased to 0.5 

particles cm-3.  The wind direction at 0000 UTC (0400 LT) was southeasterly to southerly 

below the inversion.  By 1200 UTC (1600 LT) the wind direction had become easterly.  

The surface winds near MAARCO were southeasterly at 2.6-5.2 m s-1.   Due to the wind 

direction, the source region for the dust within the well-mixed layer is probably the UAE.   

Two vertical profiles were performed on 28 September 2004 (Figure 4.62).  One 

profile was located in the interior the UAE at Hamim (22.9°N, 54.3°E) at 0542-0702 

UTC (0942-1102 LT), and the other near the coast at the MAARCO site (24.7°N, 

54.66°E) at 0753-0825 UTC (1153-1225 LT).  Wind direction and wind speed at Abu 

Dhabi, and aircraft potential temperature and dust concentration profiles for the sounding 

at Hamim are shown in Figure 4.63.  The potential temperature sounding at Hamim 

indicates the presence of a well-mixed layer to a height of about 750 m, shown in Figure 

4.63a.  The highest dust concentrations extend to a height slightly above the potential 

temperature inversion, as shown in Figure 4.63d.  The surface winds at Hamim were 

easterly at 0500 UTC (0900 LT) veering to southerly by 0700 UTC (1100 LT).  The 

source region of the dust measured by the vertical profile is either the UAE or Oman.  

Figure 4.64 shows the vertical profiles for the soundings at MAARCO.  The potential 

temperature sounding at MAARCO does not have the well-mixed layer near the surface 
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Figure 4.61.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 13 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at MAARCO (24.7°N, 54.6°E) at 0650-0754 UTC (1050-1154 LT) 13 
September 2004.  Surface winds were southeasterly.
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as in the Hamim sounding.  The higher dust concentrations at the MAARCO site are 

contained within the lowest 750 m.  The wind direction at MAARCO at the time of this 

sounding was southerly in the lowest 500 m, and then became easterly above 500 m.  The 

surface winds near MAARCO are southeasterly during the time the vertical profile was 

performed.  The source region for the dust at this location is also from the UAE.   

On 29 September, the two flights performed one vertical profiles each.  The 

morning flight is shown in figure 4.65 and the afternoon flight in Figure 4.66.  The wind 

direction, wind speed, potential temperature, and dust concentration profiles are shown in 

Figure 4.67 for the first sounding.  The first sounding was performed at Alkhazna 

(24.2°N, 55.1°E) between 0410 and 0440 UTC (0810-0840 LT).  No well-mixed layer 

near the surface was present at this location.  The wind direction at this time at 

MAARCO was southerly to southwesterly up to an altitude of about 1500 m.  Above 

1500 m the winds were northeasterly  The surface winds at Alkhazna at 0400-0500 UTC 

(0800-0900 LT) were southeasterly with speeds of 1.7-2.4 m s-1.  The highest dust 

concentrations (0.3 particles cm-3) were located at a height of about 4500 m at Alkhazna.  

The winds at this level were northeasterly to easterly.  This suggests a source region from 

either Iran or Oman.  A sounding in the afternoon was performed at the MAARCO site 

between 1125 and 1311 UTC (1525-1711 LT) and is shown in Figure 4.68.  No well-

mixed layer near the surface is evident in the potential temperature sounding.  Dust 

concentrations were highest above 6000 m, as shown in Figure 4.68d.  The surface wind 

direction at MAARCO was westerly and backed to northeasterly with height.  The winds 

at the level of the highest dust concentration were northwesterly, suggesting the dust at 

this location had been transported from the Iraq and Kuwait region to the MAARCO site.  
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Figure 4.62.  Flight path summary for 28 September 2004, 0451-0859 UTC (0851-1259 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.63.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 28 September 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Hamim (22.9°N, 54.3°E) at 0542-0702 UTC (0942-1102 LT) 28 September 
2004.  The surface wind direction at Hamim was easterly and veered to southerly with time. 
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Figure 4.64.  (a) Wind direction and (b) wind speed vertical profiles at 0600 UTC (1000 LT) 28 
September 2004 at MAARCO.  (c) Aircraft potential temperature and (d) dust concentration profiles 
at MAARCO (24.7°N, 54.66°E) at 0753-0825 UTC (1153-1225 LT) 28 September 2004.  Surface 
winds were southeasterly.
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Figure 4.65.  Flight path summary for 29 September 2004, 0349-0704 UTC (0749-1104 LT) flight.  The altitude of the flight vs. longitude is shown above 
the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.66.  Flight path summary from 29 September 2004, 1035-1331 UTC (1435-1731 LT) flight.  The altitude of the flight vs. longitude is shown 
above the plan view, altitude vs. latitude is shown to the left of the plan view.  Figure courtesy of J. Reid. 
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Figure 4.67.  (a) Wind direction and (b) wind speed vertical profiles at 0500 UTC (0900 LT) 29 
September 2004 at MAARCO.  (c) Aircraft potential temperature and (d) dust concentration profiles 
at Alkhazna (24.2°N, 55.1°E) at 0401-0440 UTC (0801-0840 LT) 29 September 2004.  Surface winds 
were southeasterly. 
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Figure 4.68.  (a) Wind direction and (b) wind speed vertical profiles at 1100 UTC (1500 LT) 29 
September 2004 at MAARCO.  (c) Aircraft potential temperature and (d) dust concentration profiles 
at MAARCO (24.7°N, 54.66°E) at 1125-1311 UTC (1525-1711 LT) 29 September 2004.  Surface 
winds were westerly. 
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Two offshore vertical profiles were performed on 30 September 2004 and are 

shown in Figures 4.69-4.70.  No flight path summary is available for this day.  The first 

sounding was located over Sir Bu Nair island at 0842-0957 UTC (1242-1357 LT), and 

the second was done over land at Alkhazna at 1141-1209 UTC (1541-1609 LT).  Over 

water at Sir Bu Nair, the marine boundary layer extended to only about 250 m, as shown 

in Figure 4.69c.  Dust concentrations measurements are only available in the profile up to 

1000 m.  The concentration in the lowest 1000 m was 1-1.4 particles cm-3, as shown in 

Figure 4.69d.  The wind direction at the surface at MAARCO is westerly, suggesting a 

source region on the Arabian Peninsula.  The second profile at Alkhazna, shown in 

Figure 4.70, indicates a well-mixed layer extending to 3000 m, as shown in Figure 4.70c.  

The dust concentration below the potential temperature inversion at Alkhazna was about 

0.5 particles cm-3.  The winds at Alkhazna at the surface were southerly veering to 

westerly with time.  The winds at 3000 m at the nearby MAARCO site were northeasterly 

with speeds of 8-10 m s-1.  The southerly and westerly winds near the surface at Alkhazna 

suggest a dust source region in the UAE, with dust mixed throughout the 3000 m deep 

boundary layer. 

The vertical profile on 1 October 2004 was also performed at Hamim (22.9°N, 

54.3°E; Figure 4.71) between 0357-0534 UTC (0757-0934 LT).  No flight path summary 

is available for this day.  Hamim is located about 175 km south of the Arabian Gulf.  A 

well-mixed layer extended in height to about 500 m.  The highest dust concentration was 

contained in the well-mixed layer near the surface.  Above the potential temperature 

inversion another layer of increased dust concentration exists at the 1800 m level.  The 

dust concentration throughout the vertical profile was less than 1.2 particles cm-3.  This  
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Figure 4.69.  (a) Wind direction and (b) wind speed vertical profiles at 0900 UTC (1300 LT) 30 
September 2004 at MAARCO.  (c) Aircraft potential temperature and (d) dust concentration profiles 
at Sir Bu Nair (25.5°N, 54.23°E) at 0842-0957 UTC (1242-1357 LT) 30 September 2004.  The surface 
winds at MAARCO were westerly. 
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Figure 4.70.  (a) Wind direction and (b) wind speed vertical profiles at 1100 UTC (1500 LT) 30 
September 2004 at MAARCO.  (c) Aircraft potential temperature and (d) dust concentration profiles 
at Alkhazna (24.2°N, 55.1°E) at 1141-1209 UTC (1441-1609 LT) 30 September 2004.  The surface 
winds were southerly and veered to westerly with time. 
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dust layer corresponds with an elevated well-mixed layer from 1000-2000 m.  The wind 

direction at Abu Dhabi at 1800 m was from the northeast at both 0000 and 1200 UTC 

(0400 and 1600 LT).  The wind direction at the surface at Hamim was northerly at 0800 

UTC (0400 LT) and easterly at 0900 UTC (0500 LT) with wind speeds of 0.7-1.9 m s-1 at 

both times.  Northeasterly winds at Hamim suggests a source region for the dust at this 

level of either the UAE, Oman, or Iran.  The highest mountain peaks in the Al-Hajar 

Mountains along this wind trajectory are about 1200 m.  The light northerly and easterly 

winds near the surface suggest a source region in the UAE or Oman. 

On 2 October 2004 a vertical profile to 4500 m was performed offshore at Sir Bu 

Nair island (25.2°N, 54.23°E), as shown in Figure 4.72, from 1200-1252 UTC (1600-

1652 LT).  No flight path summary is available for this day.  The marine boundary layer 

extended to about 600 m, as shown in Figure 4.72c.  The maximum dust concentration of 

about 0.7 particles cm-3 was contained below the potential temperature inversion, as 

shown in Figure 4.72d.  The wind direction near the surface at Abu Dhabi at 1200 UTC 

(1600 LT) was northwesterly with speeds of about 7 m s-1.  This suggests an Iranian 

source region for the dust in the marine boundary layer.  An elevated mixed layer existed 

from 1250-3500 m.  Within the elevated mixed layer, the dust concentration was about 

0.1 particles cm-3.  Above 3500 m, the dust concentration decreased to nearly zero.  The 

wind direction in the elevated mixed layer is northwesterly to northerly, suggesting a 

source region in Iraq, Kuwait, or Iran.  The fetch over the Arabian Gulf to Sir Bu Nair 

under northeasterly winds is 325 km. This long fetch allows sufficient time for the lowest 

levels of the atmosphere to become modified by the water surface and becomes a more 

moist and well-mixed boundary layer, as seen in the potential temperature profile.   
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Figure 4.71.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 1 October 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Hamim (22.9°N, 54.3°E) at 0357-0534 UTC (0757-0934 LT) 1 October 2004.  
Surface winds at Hamim were northerly and veered to easterly with time. 
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Figure 4.72.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 2 October 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Sir Bu Nair (25.2°N, 54.3°E) at 1200-1252 UTC (1600-1652 LT) 2 October 
2004.  Surface winds at Abu Dhabi were northwesterly. 
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One offshore vertical profile was performed at Abu Al Bukhoosh on 3 October 

2004 from 0537-0745 UTC (0937-1145 LT), as shown in Figure 4.73.  No flight path 

summary is available for this day.  The marine boundary layer extended in height to 

about 500 m, as shown in Figure 4.73c.  The dust concentration was less than 1 particle 

cm-3 with the highest concentrations in the lowest 1500 m of the vertical profile.  The 

wind direction at Abu Dhabi was southeasterly at 0000 UTC (0400 LT), becoming 

northwesterly by 1200 UTC (1600 LT).  The surface wind direction near Abu Al 

Bukhoosh was west-southwesterly from 0500-0800 UTC (0900-1200 LT).  Above 4000 

m, the dust concentration decreases rapidly to near zero.  The Arabian Peninsula is the 

most likely source region of the dust in the lowest 1500 m.  The over water fetch from the 

Arabian Peninsula to Abu Al Bukhoosh is about 170 km.  This distance provides 

sufficient time for the air to be modified by the water surface and a well-mixed boundary 

layer to form.  The wind direction is not known in the layer from 1500-4000 m and the 

source of the dust in that layer is unknown.    

Two profiles were performed on 5 October 2004.  No flight path summary is 

available for this day.  The first vertical profile was located at Sir Bu Nair island from 

0614-0653 UTC (1014-1053 LT), as shown in Figure 4.74.  The potential temperature 

sounding indicates a well-mixed layer over the water from the surface to about 500 m 

(Figure 4.74c).  The wind direction near the surface was southerly.  The dust 

concentration vertical profile (Figure 4.74d), shows the concentrations within the well-

mixed layer were more than 1 particle cm-3.  Above the potential temperature inversion 

the concentration decreased to 0.5 particles cm-3.  The wind direction above the inversion 

was easterly and southeasterly in the 0000 and 1200 UTC (0400 and 1600 LT) soundings  
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Figure 4.73.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 3 October 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Abu Al Bukhoosh (25.5°N, 53.1°E) at 0537-0745 UTC (0937-1145 LT) 3 
October 2004.  Surface winds were west-southwesterly at Abu Al Bukhoosh. 
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at Abu Dhabi, as shown in Figure 4.74a.  The source region for the dust both below and 

above the inversion is probably the UAE, as the surface winds and the upper level winds 

are from the south and east.  Southerly surface winds result in a fetch of about 80 km 

over the water from the UAE coast to Sir Bu Nair.  The second profile was north of 

Alkhanza at 24.3°N, 55.0°E from 0855-0915 UTC (1255-1315 LT), as shown in Figure 

4.75.  The boundary layer was about 1000 m in depth.  Dust concentrations were about 

half of the concentration at Sir Bu Nair.  The highest concentrations were in the lowest 

1750 m, as shown in Figure 4.75d.  The surface winds near the location of the vertical 

profile were light and varied from east-northeasterly to southerly.  The upper-level winds 

at Abu Dhabi were southerly and easterly, as shown in Figure 4.75a.  Although the wind 

directions are highly variable, the source region of the dust is most likely the eastern 

Arabian Peninsula, as the different wind directions are all from the Peninsula. 

4.2.6.1. Aircraft Data Summary 

 The majority of these vertical profiles show the highest dust concentrations in the 

well-mixed layer near the surface.  The wind directions in the lowest levels vary and the 

dust source regions change from day to day.  Northerly winds typically mean a source 

region in Iran, while southerly and westerly winds indicate a source region on the 

Arabian Peninsula.  Several profiles show the presence of dust layers that could be from 

different source regions, due to the wind direction changing with height.  A summary of 

the aerosol profiles is given in Table 4.3.  The altitude of the highest aerosol 

concentration differs from that found in the Indian Ocean Experiment (INDOEX) 

because of the aerosol measured.  In INDOEX, ozone was the aerosol measured while in 

UAE2, dust was measured.  During INDOEX, the highest ozone concentrations were  
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Figure 4.74.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 5 October 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles at Sir Bu Nair (25.2°N, 54.23°E) at 0614-0653 UTC (1014-1053 LT) 5 October 
2004.  Surface winds were southerly. 
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Figure 4.75.  (a) Wind direction and (b) wind speed vertical profiles at 0000 and 1200 UTC (0400 and 
1600 LT) 5 October 2004 at Abu Dhabi.  (c) Aircraft potential temperature and (d) dust 
concentration profiles near Alkhazna (24.3°N, 55.0°E) at 0855-0915 UTC (1255-1315 LT) 5 October 
2004.  Surface winds varied from east-northeasterly to southerly. 
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Table 4.3.  Summary of aircraft vertical aerosol profiles 
Date Time 

(UTC) 
Location Layer with 

Highest Dust 
Concentration 

Wind 
Direction in 
Aerosol 
Layer 

Source Region 

27 August 1248-
1343 

SW of Abu 
Dhabi 

No aerosols 
measured 

- - 

30 August 0820-
0930 

MAARCO No aerosols 
measured 

- - 

1 September 0600-
0721 

Dalma No aerosols 
measured 

- - 

3 September 0448-
0601 

MAARCO 
to Hamim 

No aerosols 
measured 

- - 

7 September 0548-
0709 

MAARCO 0-1000 m ESE UAE 

8 September 0739-
0755 

MAARCO 0-1000 m S to SW UAE 

8 September 0815-
0934 

Sir Bu Nair 0-1000 m S to SW UAE 

10 September 0548-
0704 

Hamim 1250-2750 m W to S Arabian 
Peninsula 

12 September 0537-
0749 

Dhudna 1000 m Unknown Unknown 

12 September 1046-
1107 

Abu Dhabi - 
MAARCO 

0-800 m NW Iraq 

13 September 0650-
0754 

MAARCO 0-1000 m SE UAE 

28 September 0542-
0702 

Hamim 0-1250 m E to S UAE/Oman 

28 September 0753-
0825 

MAARCO 0-750 m S to E UAE/Oman 

29 September 0401-
0440 

Alkhazna 4500 m + NE Iran 

29 September 1125-
1311 

MAARCO 6000 m + NW Iraq/Kuwait 

30 September 0842-
0957 

Sir Bu Nair Only available 
to 1000 m 

Unknown Unknown 

30 September 1141-
1209 

Alkhazna 0-2500 m NNW to E Iran/Oman/UAE 

1 October 0357-
0534 

Hamim 0-800 m NE to NW UAE/Oman 

2 October 1200-
1252 

Sir Bu Nair 0-600 m NNW Iran 

3 October 0537-
0745 

Abu Al 
Bukhoosh 

0-1500 m WSW Arabian 
Peninsula 

5 October 0614-
0653 

Sir Bu Nair 0-500 m S UAE 

5 October 0855-
0915 

Alkhazna 0-1750 m ENE to S Arabian 
Peninsula 
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found in an elevated mixed layer which is then transported from the Indian subcontinent 

and Asia over the Indian Ocean.  In UAE2, the highest dust concentration was typically 

found near the surface.  Dust is a heavier particle than ozone and is expected to be found 

in higher concentrations near the surface due to gravitational settling. 

4.3. Observation Case Studies 

 Two time periods during summer 2004 have been selected for more indepth 

study.  In this section, the available observations for the periods will be discussed.  In 

Chapter 7, case studies of these two time periods using numerical simulations will be 

discussed and results compared with observations.  The two time periods selected were 9-

11 September and 27-30 September 2004.  From 9-11 September, the Arabian Gulf 

region was experiencing typical summer weather conditions, including the formation of 

the daily sea breeze.  The later period, from 27 to 30 September was dominated by the 

presence of a tropical depression over the northern Arabian Sea which interrupted the 

development of the sea breeze.  These two cases were chosen to illustrate the difference 

in the two meteorological patterns.   

4.3.1. 9-10 September 2004 

 A 5860 m ridge at 500 hPa was present over the Arabian Peninsula on 9 

September 2004, centered over northern Saudi Arabia.  The ridge was pushed to the 

southeast ahead of an upper-level trough moving eastward across the Mediterranean Sea.  

This ridge was also present at the 700 hPa level, centered over northern Saudi Arabia and 

Iraq.  The ridge decreased in height and shifted to the southwest due to the upper-level 

trough from the Mediterranean Sea and a trough at 700 hPa moving over the southern 

Arabian Peninsula on 10 September.  Profiles taken at Abu Dhabi of potential 
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temperature, relative humidity and winds are shown in Figure 4.76 for 5-11 September 

2004.  Westerly winds were present over the southern Arabian Gulf in the lowest 2 km.  

Winds above the 500 hPa level were southerly on the 9th, backing to northerly on the 11th.  

The wind speed was less than 20 m s-1 up to about 250 hPa.  The relative humidity near 

the surface was 20-40%, increasing to 60% on the 11th.  A dry layer was present during 

this period near 2 km.  The humidity increased to 10-30% in the layer from 3-5 km.  

Above 5 km, the relative humidity was less than 10%.  Surface humidity was higher at 

Bandar Abbas, Iran and King Fahd, Saudi Arabia, and drier in Kuwait.   

 The Terra MODIS dust enhanced image produced by NRL/Monterey for 10 

September is shown in Figure 4.77.  Dust is shown as pink and clouds are shown as 

white.  There is limited cloudiness over the Middle East, with the majority of the clouds 

over the Arabian Sea.  The dust enhancement algorithm identifies the location of 

suspended dust in southwestern Afghanistan, in the Sistan Basin region.  More suspended 

dust is noted in central Iraq.   

The satellite image is compared to surface observations at 0600 UTC (1000 LT) 

10 September in the Middle East (Figure 4.78).  Station model plots were developed to 

focus on visibility-reducing weather and therefore differ from normal station model in the 

following ways:  visibility (km) is on the top left, dew point depression is on the top 

right, current weather is on the bottom left, and the past weather is on the bottom right.  

Wind direction and wind speed (knots) are depicted similar to regular station models.  

Variables are also color-coded:  visibility of less than 5 km is in cyan while better 

visibility is in red, dew point depression of less than 3°C is green and red for higher 

values, and the current and past weather is color coded such that cyan is for dust, smoke,  
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Figure 4.76.  Profiles of relative humidity (%), potential temperature (K), and wind direction and 
speed (m s-1) at Abu Dhabi for 5-11 September.  9-11 September is shown in the seven profiles on the 
left side.  Plot by D. Westphal.   
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Figure 4.77.  Terra MODIS image for 10 September 2004 with dust depicted by an enhancement 
algorithm.  Land is green, water is black, clouds are white, and possible dust is pink.  Image from 
NRL/Monterey. 
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Figure 4.78.  Surface observations of visibility-reducing weather for 0600 UTC (1000 LT) 10 
September 2004.  Image from NRL/Monterey. 
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or haze, and green is for precipitation and fog.  A cyan-colored circle around the station is 

proportional to the visible extinction coefficient. 

The surface stations indicate poor visibility in the Sistan Basin, with dust raised 

by the wind at the time of the observation (0600 UTC (1000 LT)).  There is also low 

visibility in central Iraq.  These two locations correspond to the dust shown in the dust 

enhanced satellite image.  There was poor visibility due to haze in southwestern Iran and 

on the northern coast of the Strait of Hormuz.  An aircraft flight was performed on 10 

September from about 0400-0800 UTC (0800-1200 LT).  The aerosol optical thickness at 

this time was about 0.3 over the region due to dust.  

Hourly observations of temperature, dew point temperature, wind speed, and wind 

direction were available from the DWRS weather stations in the UAE.  Temperatures on 

10 September 2004 were between 23°C and 45°C at all stations.  The relative humidity 

ranged between 6% and 100%, with the highest values at the island stations and along the 

coast, with decreasing humidity further inland.  The highest values of humidity also 

occurred in the early morning hours, and lower values occurred during the afternoon.  

During the nighttime hours, the warmest temperatures are found on the island stations 

and in southwestern UAE.  Cooler temperatures are found in eastern UAE.  During the 

afternoon, cooler temperatures are found on island stations and along the coast due to the 

moderating effects of the relatively cooler water during the day.  The warmest 

temperatures are found in southwestern UAE.   

The sea breeze on 9-10 September was discussed in Section 4.2.4.1 and shown in 

Figure 4.37.  The vertical extent of the sea breeze at Abu Dhabi was shown in Figure 4.39 

and Figure 4.40 and was discussed in Section 4.2.4.2.  Both the land breeze and sea 
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breeze occurred on these days.  On 9 September 2004, the sea breeze formed at Alqlaa at 

1300 LT and at Abu Dhabi 1400 LT.  It extended offshore about 115 km and onshore 

about 130 km for a total width of about 245 km.  Onshore winds extended vertically to a 

height of 1646 m.  On 10 September 2004, the sea breeze formed at both Alqlaa and Abu 

Dhabi at 1300 LT.  The sea breeze extended about 115 km offshore to 80-130 km 

onshore, for a total width of 190-245 km.  Onshore winds extended vertically to a height 

of 1678 m.   

A land plume is evident overnight in the 0000 UTC (0400 LT) soundings on both 

9 and 10 September.  The 0000 UTC (0400 LT) sounding on 9 September is shown in 

Figure 4.41 and discussed in Section 4.2.5.  The land plume on the 9th was from Iran, but 

the winds on the 10th were more easterly within the land plume, indicating a source 

region over the UAE.  The land plume on the 9th extended from 2708-4870 m.  The land 

plume on the 10th extended from a height of 2201-4710 m.   

4.3.2. 27-30 September 2004  

The southwestern monsoon circulation ended between 24 and 27 September 2004.  

On 27 September, a 5860 m ridge at 500 hPa extended from the Caspian Sea across Iraq 

and northern Saudi Arabia to central North Africa.  The geopotential height at 500 hPa 

over the southern Arabian Peninsula was 5800 m with southeasterly winds over the 

northern Arabian Sea and Oman, and northeasterly winds over the UAE.  The ridge 

increased to 5920 m by 28 September 2004 while eroding over Iran.  A ridge was also 

present over the Middle East at 700 hPa with easterly and northeasterly winds over the 

southern Arabian Peninsula and northern Arabian Sea.  Profiles of relative humidity show 

values of 10-50% near the surface (Figure 4.79).  The relative humidity in the 4-6 km 
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layer is 30-50%, which is higher than that present during the 9-10 September period.  The 

outflow from a tropical depression on the 29th is noticeable in the relative humidity with 

values of 60% between 500 and 300 hPa.  The tropical depression moved closer to 

Muscat, Oman, resulting in relative humidity values of 80% at 500 hPa.  The wind speed 

ranged from 5 to 10 m s-1 in the lowest 2 km.  

Figure 4.80 shows the Aqua MODIS Truecolor satellite image for 27 September 

2004.  The tropical depression moved westward across the northern Arabian Sea after 

forming off the west coast of India on 22-23 September.  The main convection stayed 

south of the Arabian Peninsula, but a band of outflow clouds reached Oman on the 26th.  

The outflow covered eastern UAE and Abu Dhabi on 29 September (Figure 4.81).  On 

the 30th, the outflow clouds had dissipated over most of the UAE. 

Surface observations indicated some dust storms along the coasts and in the Sistan 

Basin, but with smaller extinction coefficients than on 9-10 September.  Aircraft 

observations are available on 28 September.  Most of the dust was in the lowest 6000 ft 

(1830 m) with all aerosol particles below the subsidence inversion at about 16000 ft 

(4875 m) (J. Reid, daily flight summary).  Similar to 10 September, on 28 September the 

warmest temperatures during the morning were reported at the stations on islands.  

During the afternoon, inland stations are warmer than the island stations.  Relative 

humidity values above 50% were reported at stations near the coast and in western UAE 

during the morning.  Stations in northeastern UAE had relative humidity values of less 

than 25%.  In the afternoon, stations in western UAE reported 10% relative humidity.  

Stations near the coast reported higher relative humidity values than the inland stations. 
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Figure 4.79.  Profiles of relative humidity (%), potential temperature (K), and wind direction and 
speed (m s-1) at Abu Dhabi for 26 September to 3 October 2004.  Plot by D. Westphal. 
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Figure 4.80.  Aqua MODIS Truecolor composite satellite image for 27 September 2004.   
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Figure 4.81.  Meteosat 5 visible satellite image at 1200 UTC (1600 LT) 29 September 2004. 
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The observed wind directions and wind speeds at the seven stations of Das Island, 

Qarnen, Dalma, Sir Bani Yas, Alqlaa, Owtaid and Mukhariz are shown in Figure 4.82 for 

27-29 September.  The location of these stations can be seen in Figure 3.1.  The winds 

were onshore at all stations during the day on the 27th and 28th, meaning the northerly 

winds were too strong for a land breeze to form during the night.  The influence of the 

sea breeze on the 27th can be seen in the wind speed.  The wind speed increased from 3-4 

m s-1 to almost 8 m s-1 at Alqlaa from 1600 to 1900 LT.  The wind speed at the other 

stations also increased in the afternoon.  During the night, the wind speeds decreased to 

1-5 m s-1.  The wind speed on the 28th did not increase as much as on the previous day, 

and ranged between 2 and 6 m s-1 at all stations.  A larger increase in wind speed 

occurred at Alqlaa, Owtaid, and Mukhariz.  A land breeze formed in the early morning on 

the 29th, with a corresponding decrease in wind speed.  On the 29th, the wind speed 

increased with the formation of the sea breeze.   

 One sounding is available at MAARCO on each of the 27th and 28th of 

September.  Five soundings were performed on 29 September.  The sea breeze formed 

between 0700 and 0900 UTC (1100 and 1300 LT).  Potential temperature and wind 

direction profiles at 0700, 0900, 1100, and 1200 UTC (1100, 1300, 1500, and 1600 LT) 

are shown in Figure 4.83.  As shown in Figures 4.83a and 4.83b, at 0700 UTC (1100 LT) 

the wind in the lowest 1 km was south-southwesterly.  The wind speed increased near the 

surface from 2 m s-1 at 2 m to 8.6 m s-1 at 360 m.  Above 1 km, the winds were east-

northeasterly to an altitude of 5 km.  Shown in Figure 4.83d, at 0900 UTC (1300 LT), the 

winds were onshore in the lowest 431 m with wind speeds of 7 m s-1.  From 431-554 m 

the winds were offshore.  At 1100 UTC (1500 LT), onshore winds extended to a height 
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Figure 4.82.  (a) Wind direction and (b) wind speed beginning at 0800 LT 27 September 2004 though 
midnight 30 September 2004.  Time is in local time (UTC + 4 hours). 
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of 655 m, as shown in Figure 4.83f.  The wind speed near the surface was 6 m s-1, 

decreasing to 3.7 m s-1 at about 175 m.  By 1200 UTC (1600 LT), onshore winds 

extended to 614 m with wind speeds of about 5 m s-1.  A well-mixed layer had formed in 

the lowest 200 m by 1200 UTC (1600 LT), as shown in Figure 4.83g.  The 1200 UTC 

(1600 LT) wind direction profile at Abu Dhabi, shown in Figure 4.83h, indicates onshore 

winds to an altitude of 776 m.  No soundings are available later in the evening on 29 

September.  From a 1300 UTC (1700 LT) sounding available on 30 September 2004 at 

MAARCO, the sea breeze continued to grow in height until 1300 UTC (1600 and 1700 

LT) to a height of 1119 m (not shown).  The soundings at MAARCO show that the sea 

breeze begins here at about the same time as at Abu Dhabi and Alqlaa (between 0800-

1000 UTC (1200-1400 LT)).  The sea breeze grows in height during the rest of the 

afternoon, until at least 1300 UTC (1700 LT) on some days.  The depth of the sea breeze 

at MAARCO is above 1000 m.   

An elevated mixed layer is evident in the morning on 27-29 September 2004 at 

Abu Dhabi and at MAARCO.  On 27 September, the land plume at Abu Dhabi at 0000 

UTC (0400 LT) extended vertically from 1525 m to an altitude of 4698 m.  The wind 

direction was easterly at 1500 m and became northerly by about 4500 m.  The sounding 

at 0700 UTC (1100 LT) at MAARCO shows a land plume from a height of 1760 to 5000 

m.  The wind direction was easterly and northeasterly.  On 28 September, the land plume 

at Abu Dhabi was located at an altitude from 3169 m to 4716m.  The wind direction was 

northeasterly within the land plume.  At MAARCO at 0600 UTC (1000 LT), the land 

plume existed from about 1100-5000 m.  The winds were northeasterly from 1100-3000 

m, and became easterly at 3000 m and veered to southerly at 5000 m.  The land plume 
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Figure 4.83.  (a) Potential temperature and (b) wind direction profiles at MAARCO for 29 
September 2004 at 0700 UTC (1100 LT), and (c) potential temperature and (d) wind direction 
profiles at MAARCO for 29 September 2004 at 0900 UTC (1300 LT). 
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Figure 4.83.  (e) Potential temperature and (f) wind direction profiles at MAARCO for 29 September 
2004 at 1100 UTC (1500 LT), and (g) potential temperature and (h) wind direction profiles at 
MAARCO for 29 September 2004 at 1200 UTC (1600 LT). 
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on 29 September at Abu Dhabi was from 2659-4024 m at 0000 UTC (0400 LT) with 

winds from the northeast.  At 0500 UTC (0900 LT) at MAARCO, the land plume was 

located at an altitude from about 1500-5000 m with winds from the northeast.     

4.4. Summary 

This chapter provides an overview of the climatology of the UAE region.  Both 

surface and upper-air observations were utilized to characterize the wind patterns over the 

region.  During the summer months, the UAE is influenced by the southwest Indian 

monsoon.  This causes light northwesterly winds over the Arabian Gulf.  Imbedded 

within the northwesterly winds are the sea and land breeze circulations.  Sea and land 

breezes are shown to occur in all months of the year, most frequently during the summer 

months.  Data from several stations located on islands, along the coast, and inland are 

used to develop a climatology of the winds in different areas of the UAE during the 

summer.  These stations show that the sea breeze forms along the southern Arabian Gulf 

coast between 1300 and 1600 LT.  The sea breeze begins between 1600 and 1900 LT at 

stations further offshore and further inland.  The sea breeze from the Gulf of Oman 

affects stations near the Gulf of Oman coast beginning at about 1300 LT, and by 1900 LT 

northwesterly sea breeze winds from the Arabian Gulf sea breeze reach stations on the 

Gulf of Oman.  The sea breeze ends first at inland stations, around 2200 LT.  The onshore 

winds that continue past this time are most likely the prevailing synoptic winds.  

Southerly land breeze winds form overnight once the desert cools and continue until the 

sea breeze develops on the following day.  

The horizontal and vertical extent of the sea breeze circulation was examined 

using surface data and radiosonde profiles.  Several stations located inland and offshore 
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allowed for the determination of the width of the sea breeze and its inland and offshore 

extent.  Along the southern Arabian Gulf the sea breeze forms near the coast and with 

time expands inland and offshore, reaching its maximum width in the late afternoon.  The 

total width of the sea breeze varied from about 195 km to 245 km on the days 

investigated with an onshore extent of less than 80 km to more than 130 km and an 

offshore extent of 85 km to 115 km.  The vertical extent of the sea breeze was determined 

by daily 1200 UTC (1600 LT) radiosonde profiles at Abu Dhabi and for select days and 

times at the MAARCO site.  The vertical extent of the onshore winds varies daily and 

ranges between about 750 m and 1500 m.  Located above the onshore winds is the 

offshore return branch of the sea breeze.    

Another common feature UAE region is the land plume, an elevated mixed layer 

located at an altitude of about 2500 to 5000 m.  Few aerosol vertical profiles were 

available to determine if any aerosols were transported in the land plume, as seen on the 

west coast of India during INDOEX.  Some of the aircraft profiles did show a higher dust 

concentration in a layer above the boundary layer (such as on 10 September at Hamim 

and 29 September).      

The majority of the aircraft vertical aerosol profiles show the highest dust 

concentrations in the well-mixed layer near the surface.  This is in contrast to the high 

aerosol concentrations found in the land plume during INDOEX.  Ozone, the aerosol 

measured during INDOEX, is a lighter particle than dust, which would settle to the 

surface through gravitational settling.  The wind directions in the lowest levels vary and 

the dust source regions change from day to day.  Northerly winds typically mean a source 

region in Iran, while southerly and westerly winds indicate a source region on the 
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Arabian Peninsula.  Several profiles show the presence of dust layers that could be from 

different source regions, due to the changes in wind direction with height. 

Two observation case studies were performed for 9-11 September and 27-30 

September 2004.  The 9-11 September time period was characterized by typical 

conditions over the UAE region: the southwest monsoon caused light northwesterly 

synoptic winds over the Arabian Gulf and low pressure at the surface capped by a high 

pressure system above the 700 hPa level.  The sea breeze formed on all three days and an 

elevated mixed layer, or land plume, was evident in both the 0000 UTC (1600 LT) 

soundings on 9 September and 10 September.  The 27-30 September time period was 

influenced by the presence of a tropical disturbance over the northern Arabian Gulf.  No 

sea breeze formed on 27 and 28 September.  A sea breeze did form on 29 September.  A 

land plume is seen in the 0000 UTC (0400 LT) soundings on 27, 28, and 29 September.  

The observations from these two time periods will be compared with numerical 

simulations in Chapter 7.   
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CHAPTER 5.  COUPLED OCEAN/ATMOSPHERE MESOSCALE 

PREDICTION SYSTEM (COAMPS®) 

 The Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS®) was 

developed by the Naval Research Laboratory (NRL) Marine Meteorology Division 

(Hodur 1997).  COAMPS® uses nonhydrostatic, fully compressible equations of motion 

following Klemp and Wilhelmson (1978).  COAMPS® can be used for both idealized and 

real-data applications.  The atmospheric model and the ocean model can be run in a 

coupled mode, or as stand-alone models.  COAMPS® has been used to model a variety of 

mesoscale phenomena including mountain waves, sea and land breeze circulations, 

terrain-induced circulations, tropical storms, mesoscale convective systems, coastal 

rainbands, and frontal systems.  COAMPS® version 3 was used in this study and will be 

described in the remainder of this chapter.  The discussions of the model physics and 

model equations in the following sections come primarily from Chen et al. (2003). 

5.1. Overview of COAMPS® Atmospheric Model 

 The atmosphere model in COAMPS® can be run as a stand-alone atmospheric 

model, and is used as such for this study.  The atmosphere model contains subgrid-scale 

mixing parameterizations, cumulus parameterization, radiation module, and explicit 

moist physics.  Two steps are involved in the running of the atmosphere model: the 

analysis and forecast steps.  The analysis step prepares the initial and boundary files that 

are used in the forecast model.  The forecast step performs the time integration of the 

model numerics and physics, and outputs prognostic and diagnostic fields in pressure, 

sigma, or height coordinates.   
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5.1.1. COAMPS® Atmosphere Model Grid 

The COAMPS® analysis is performed on the Arakawa-Lamb scheme A grid, 

which has no grid staggering, and using bicubic spline interpolation, is interpolated to the 

Arakawa-Lamb (Arakawa and Lamb 1977) scheme C grid within the forecast model 

code.  The model equations are solved on the scheme C grid.  In this grid, scalar variables 

are defined at the center of the grid box, the u-components are one half grid intervals 

between mass points in the x direction, and the v-components are one half grid intervals 

between mass points in the y direction. 

A terrain following sigma-z system is used for the vertical coordinate (Gal-Chen 

and Somerville 1975).  The w-components are coincident with the mass points.  The 

sigma value is defined as 

( )
( )s

s

zH
zzH

−
−

=σ ,          (5.1) 

where H is the depth of the atmosphere, z is the height, and zs is the value of the terrain at 

the grid point.   

 Several map projections are available to provide the best representation of the 

Earth at different latitudes.  The available map projections include polar stereographic, 

Lambert conformal, Mercator, spherical, and Cartesian.   

Nested grids are allowed in the atmosphere model.  The number of grid points in 

each nest must be a multiple of three plus one, to give a 3:1 reduction in horizontal 

resolution. One-way nesting is currently available.   
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5.1.2. COAMPS® Atmospheric Analysis 

The atmosphere analysis is the first step in running the COAMPS® atmosphere 

model.  The analysis uses the input data to produces a set of initial conditions for the 

atmospheric forecast model.  Namelist variables can be modified to create a customized 

COAMPS® analysis.  

Several static and dynamic databases are used as input for COAMPS®.  The static 

databases include a global climatological database of sea surface temperature, sea ice, 

and Modular Ocean Data Assimilation System (MODAS) synthetic ocean temperature 

profiles; the Navy dust source dataset and Total Ozone Mapping Spectrometer (TOMS) 

global satellite derived dust source; 1° NASA GADDAR high resolution albedo and 

surface roughness data; global climatology surface characteristics data; 1 km USGS 

global land-use database; 400 m resolution land-sea table; the NOAA National 

Geophysical Data Center (NGDC) Global Land One-kilometer Base Elevation (GLOBE) 

data; and an option for GOES 8 and GOES 9 satellite data to compute brightness 

temperature.  The dynamic databases include atmospheric observation data (ADP) and 

Navy Operational Global Atmospheric Prediction System (NOGAPS) data, both used by 

the COAMPS® atmospheric analysis, and ocean observation data used by the COAMPS® 

ocean analysis.  The NOGAPS forecast data is used for the first guess field for cold starts 

and for boundary conditions.  Sea surface temperature is interpolated from the global 

NOGAPS analysis at 1° resolution.      

5.1.3. COAMPS® Atmospheric Model Equations 

 The equations used in COAMPS® are the nonhydrostatic, fully compressible 

equations of motion following Klemp and Wilhelmson (1978).  These equations are 
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solved using a centered-in-time or leapfrog scheme (Haltiner and Williams 1980).  The 

adiabatic equations are developed using the equation of state, 

vdTRp ρ= ,         (5.2) 

and the Exner function, 
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The variables in these equations are defined as follows:  π is the scaled dimensionless 

pressure variable, p denotes the pressure, p0 is the reference pressure, ρ is the density, Cp 

is the specific heat at constant pressure, Rd is the dry gas constant, and Tv is the virtual 

temperature defined as 
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where T is the temperature and qv is the specific humidity. 

In developing the basic set of equations used, the Cartesian velocity components 

(u,v,w), the potential temperature (θ), and pressure are decomposed into their mean and 

perturbation quantities.  The mean state is assumed to be in hydrostatic balance.  The 

basic set of equations for the dynamical prognostic equations are written as 
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where θv is virtual potential temperature, π’ is the perturbation pressure, Cv is the specific 

heat at constant volume, f is the Coriolis parameter, Qθ is the source and sink of heat, and 

qc, qr, qi, qs, and qg are the mixing ratios of cloud water, rain water, cloud ice, snow, and 

graupel, respectively.  The density and potential temperature weighted three-dimensional 

divergence D3 is defined as 
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The speed of sound for the mean state is 
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The metrics for the coordinate transformation (Gx, Gy, and Gz) are defined as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−

−
=

∂
∂

=
x

z
zz

z
x

G sfc

sfctop

top
x

σσ ,      (5.12) 



 177

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−

−
=

∂
∂

=
y

z
zz

z
y

G sfc

sfctop

top
y

σσ ,      (5.13) 

sfctop

top
z zz

z
z

G
−

=
∂
∂

=
σ ,       (5.14) 

wGvGuG zyx ++=σ& .       (5.15) 

Subgrid-scale mixing is represented following Mellor and Yamada (1982) and Yamada 

(1982) and is represented by Du, Dv, Dw, and Dθ.  KD is the diffusion coefficient, and 

terms including this variable represent divergence damping that controls the amplification 

of sound waves (Skamarock and Klemp 1992).  KH is the coefficient for fourth-order 

accurate diffusion and is used to control nonlinear instability.   

5.1.4. Moist Physics 

 Explicit moist physics calculations are based on Schmidt (2001).  They are based 

on the single-moment bulk prediction of mixing ratio developed by Rutledge and Hobbs 

(1983).  This prediction is a bulk cloud microphysical model based on the Lin et al. 

(1983) formulation with single-moment predictions of mixing ratio for five microphysical 

variables including water vapor, pristine ice, snow, rain, and cloud water.  The prediction 

by Rutledge and Hobbs (1983) has been updated to also predict graupel (Rutledge and 

Hobbs 1984) and drizzle (Khairoutdinov and Kogan 2000).  The ice predication has been 

modified to include ice nucleation (Meyers et al. 1992), the nucleation formula from 

Cooper and Haines (1996), homogeneous freezing, ice multiplication processes (Halet 

and Mossip 1974), and a nonzero fall speed for the pristine ice field. 
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5.1.5. Cumulus Parameterization Scheme 

 Convective clouds are not resolved on COAMPS® model grids when the 

horizontal grid dimension is greater than a namelist-specified value, typically 9 km.  For 

grid dimensions greater than 9 km, the Kain and Fritsch (1990, 1993) convective 

parameterization is used to account for the mixing and precipitation caused by 

convection.  The Rutledge and Hobbs (1983) explicit treatment of moist physics is used 

for the nonconvective clouds and precipitation.  For grid spacing less than 9 km, the 

explicit moist physics parameterization is used for both nonconvective and convective 

clouds and precipitation.   

5.1.6. Radiation Module 

 Shortwave and longwave radiative transfer are calculated using Harshvardhan et 

al. (1987).  This radiative module considers both stratiform and cumulus clouds.  The 

longwave radiative transfer assumes clouds are blackbodies, and considers absorption by 

water vapor, carbon dioxide, and ozone.  The shortwave radiative transfer considers 

absorption by water vapor and ozone. 

5.1.7. Boundary Layer Parameterization 

 Turbulent kinetic energy (TKE) is solved for using a 1.5 order closure, level 2.5 

scheme.  This 2.5 level scheme for TKE was developed by Mellor and Yamada (1982) 

and solves a prognostic equation for TKE and diagnostic equations for second-moment 

heat, moisture, and momentum fluxes.  TKE is calculated using 
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where e is defined as 

( ) 2/222 wvue ′+′+′= ,       (5.17) 

U and V are the mean horizontal velocity field, β is the coefficient of thermal expansion, 

θ is potential temperature, g is the acceleration due to gravity, Λ1 is the dissipation length 

scale, u’, v’, and w’ are the components of the three-dimensional turbulent velocity field, 

e* is the TKE and KH, KM, and Ke are eddy coefficients defined as 

elSK HH 2= ,        (5.18) 

elSK MM 2= ,        (5.19) 

elSK ee 2= ,         (5.20) 

where SH and SM are functions of the flux Richardson number, Se is a constant, and l is the 

master length scale.   

 The boundary layer depth is calculated by COAMPS® using the Richardson 

number (Ri).  The Richardson number is the ratio of the buoyancy production of TKE to 

the shear production of TKE.  The boundary layer depth is defined in this model as the 

lowest level at which Ri exceeds a critical value equal to 0.5.  The turbulent mixing 

length is based on Blackadar (1962): 
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,         (5.21) 

where κ is the von Karman constant, z is the elevation, and  

∫
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edz

zedz
αλ ,         (5.22) 

where α is dependent on stability.   
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 The eddy coefficient formulation uses the flux Richardson number developed by 

Mellor and Yamada (1982): 
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where θv is the virtual potential temperature.  The eddy coefficients KH and KM are then 

calculated using equations 5.18 and 5.19, respectively. 

5.1.8. Surface Layer Parameterizations 

 The Louis (1979) scheme is used for the surface layer parameterization.  The 

surface sensible heat flux, surface latent heat flux, and surface drag are calculated directly 

from polynomial functions of the bulk Richardson number.  The bulk Richardson number 

is defined as 

Θ
Δ

= 2u
gzRiB

θ ,         (5.24) 

where g is the acceleration due to gravity, z is the reference elevation (10 m is used in 

COAMPS®), Δθ is the air-sea temperature difference, u is the wind speed at the reference 

elevation, and Θ is the mean potential temperature over the depth of the surface layer.   

The surface roughness is calculated using the following equation following Fairall 

et al. (1996): 
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*

00 u
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g
ucz v+= ,        (5.25) 

where c0 is the Charnock constant, u* is the friction velocity, g is the acceleration due to 

gravity, cv is a constant, and v is the molecular viscosity.  The first term on the right hand 
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side in Equation 5.25 is the Charnock relation, which accounts for high wind conditions, 

and the second term is the relation accounting for low wind conditions. 

5.2. Aerosol-Tracer Module 

 A three-dimensional aerosol tracer module has been incorporated into COAMPS® 

to support the modeling of aerosol transport.  The aerosol module was included in the 

model runs for this study because of the importance of aerosols in the Middle East.  Dust 

is the main aerosol in the region, with other aerosol contributions from the oil refineries 

and sea spray.  This module calculates the dynamics and the major physics of aerosols 

and tracers with regard to composition and size-dependent functions, advection, 

diffusion, sedimentation, dry deposition, and wet removal by stable and convective 

precipitation.  The aerosol-tracer module provides forecasts of mass loading, size 

distribution, optical depth, and other related property fields. 

 The aerosol continuity equation is 
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where C is the mass concentration of aerosols in kg m-3, u and v are the horizontal 

velocity components, vf is the particle gravitational fall velocity.  Csrc is the source and 

Csnk is the sink of aerosols or tracers in kg m-3 t-1.  The source term can be due to injection 

of aerosol particles, formulation of new particles by nucleation, or tracer emission.  

Processes contributing to the sink term can be a parameterized precipitation removal, 

surface deposition, or other processes such as heterogeneous nucleation.  Dx, Dy, and Dσ 

are the subgrid-scale turbulent mixing components in the x, y, and σ directions.  Kx and 

Ky are the eddy diffusivities in the x and y directions, respectively.  Kz is the vertical 

diffusion.  The aerosol continuity equation is integrated forward in time using a time-
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splitting method:  three one-dimensional equations and one time-tendency equation of the 

source and sink terms.  

5.2.1. Dust Aerosol Mobilization 

 Mineral dust is produced by wind erosion over arid and semiarid areas.  The 

COAMPS® aerosol-tracer module incorporates dust mobilization as a type of source 

function.  The dust aerosol mobilization is included with dust microphysics in order to 

simulate and predict dust storms.  The dust emission is given by the vertical dust flux F: 

4
*fAuF =   when tuu ** ≥ .       (5.27) 

The vertical dust flux has units of kg m-2 s-1 particles.  The constant A is a dimensional 

constant, f is the fraction of the model grid box that is dust erodible, u*t is the threshold 

friction velocity.  This equation includes both the wind shear and thermal stability effects 

on wind stress.  According to Nickling and Gillies (1993) A =1.42x10-5 for particles with 

radii less than or equal to 50 mm.  The threshold friction velocity is set equal to 0.6 m s-1, 

based on values of u*t in Gillette and Passi (1988).  The fraction of dust-erodible land in 

each grid box is derived from a 1 km resolution global land cover characteristics database 

produced by the U.S. Geological Survey’s Earth Observation System Data Center, the 

University of Nebraska-Lincoln, and the Joint Research Center of the European 

Commission.   

5.3. Model Setup for UAE2 

 COAMPS® version 3 was used to model the Middle East region, with a focus on 

the United Arab Emirates, during summer and fall 2004.  A statistical model evaluation 

was performed for 1 August to 5 October 2004.  A cold start model simulation was 
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started on 25 July 2004.  Case studies have been done on subsets of this time period.  

This section will describe the model domain, input data, and output data. 

5.3.1. Model Domain 

 The model domain includes the parent grid and two nests.  The outer grid is 92 

grid points in the x-direction by 68 grid points in the y-direction with 81 km horizontal 

grid spacing.  The first nest is 127 grid points by 109 grid points with 27 km horizontal 

grid spacing.  The second nest is 181 grid points by 181 grid points with 9 km horizontal 

grid spacing.  Thirty vertical sigma levels were used and listed in Table 5.1.  Figure 5.1 

shows the three nests used in the model simulations.  The terrain height for each nest is 

shown in Figure 5.2-5.4.   

5.3.2. Model Output 

The variables output by COAMPS® for the numerical simulations used in this 

study are shown in Table 5.2.  Turbulent kinetic energy, and the eddy mixing coefficients 

for heat and momentum were only available for the 28-30 September 2004 numerical 

simulation.  Variables can be output at the surface, on pressure levels, or on sigma levels.  

The pressure levels used in the simulations for UAE2 are 1000, 925, 850, 700, 500, 400, 

300, 250, 200, 150, and 100 mb.  The 30 sigma levels are listed in Table 5.1. 
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Table 5.1.  Sigma levels for the COAMPS® runs for the UAE2 domain. 

Sigma Levels for COAMPS® runs 
10 m 5800 m 
30 m 6800 m 
55 m 7800 m 
90 m 8675 m 
140 m 9425 m 
215 m 10175 m 
330 m 10925 m 
500 m 11675 m 
750 m 12425 m 
1100 m 13300 m 
1600 m 14300 m 
2300 m 16050 m 
3100 m 19400 m 
3900 m 24400 m 
4800 m 31050 m 
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Figure 5.1.  COAMPS® model domain with grid points and horizontal resolution given for each nest.  The outer grid is 92x68 grid points with 81 km 
resolution, grid 2 is 127x109 grid points with 27 km resolution, and grid 3 is 181x181 grid point with 9 km resolution. 
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Figure 5.2.  Grid 1 terrain height in meters. 



 187

 
Figure 5.3.  Grid 2 terrain height in meters. 
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Figure 5.4.  Grid 3 terrain height in meters. 
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Table 5.2.  Model output from COAMPS® for UAE2 simulations. 

Model Output Variables for COAMPS® runs 
Variable Level Type 
2-m air temperature Surface 
2-m dewpoint depression Surface 
10-m U-component wind Surface 
10-m V-component wind Surface 
Albedo Surface 
Dust surface concentration Surface 
Ground-sea temperature Surface 
Ground wetness Surface 
Land-sea table Surface 
Planetary boundary layer height Surface 
Roughness length Surface 
Sea-level pressure Surface 
Soil temperature Surface 
Terrain height Surface 
Total dust optical depth Surface 
Total precipitation Surface 
U-star Surface 
Air temperature Pressure1 
Dewpoint depression Pressure1 
Geopotential height Pressure1 
U-component wind Pressure1 
V-component wind Pressure1 
Cloud mixing ratio Sigma 
Dust mass concentration Sigma 
Eddy mixing coefficient for heat Sigma 
Eddy mixing coefficient for momentum Sigma 
Graupel mixing ratio Sigma 
Ice water mixing ratio Sigma 
Pressure Sigma 
Potential temperature Sigma 
Rain water mixing ratio Sigma 
Relative humidity Sigma 
Turbulent Kinetic Energy Sigma 
U-component wind Sigma 
V-component wind Sigma 
W-component wind Sigma 
Water vapor mixing ratio Sigma 
1: All variables output on pressure levels are provided at the following levels:  1000, 925, 
850, 700, 500, 400, 300, 250, 200, 150, 100 hPa 
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CHAPTER 6.  STATISTICAL EVALUATION OF COAMPS® 

6.1. Introduction 

A statistical evaluation of COAMPS® was performed for 1 August to 5 October 

2004 on the 9-km model grid.  The COAMPS® simulation was started on 25 July 2004 

with a cold start.  Model analyses were conducted every 12 hours at 0000 UTC (0400 

LT) and 1200 UTC (1600 LT) followed by a 48 hour forecast.  Model output was stored 

every three hours for subsequent analysis.  Verification was done for both surface and 

upper-level variables for all available observation-model pairs.  Verification skill scores 

of bias error and root mean square error (RMS) were calculated.  The bias error was 

calculated for any given variable x, as 

 ( )∑
=

−=
N

n

o
n

f
n xx

N
xbias

1

1)( ,      (6.1) 

and the RMS error was calculated using 
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where N is the number of locations, xn
f is the value of the forecast variable and xn

o is the 

value of the observed variable.  The surface RMS and bias errors for the 0000 UTC (0400 

LT) forecast and 1200 UTC (1600 LT) forecast were plotted as functions of forecast valid 

time.  Such analysis shows how well the model performs for each forecast time, and 

shows differences in performance for the two different initialization times, 0000 UTC 

(0400 LT) and 1200 UTC (1600 LT).  Time series were also analyzed for surface 

variables for each forecast valid time.  The time series plots show variations in model 

performance on different days and at different forecast integration times.  A 10-day 

period is looked at more closely to show the diurnal variation in the model RMS and bias 
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errors.  Both types of plots were also made for individual stations on the coast, inland, 

and offshore to determine the model’s predictive ability at those stations.  Comparisons 

of model RMS and bias errors at different forecast valid times were made for upper-air 

variables.  The model predicted boundary layer height is verified against observations for 

one station.   

 Three groups of observed data were used for verification.  The first dataset was 

the ADP dataset.  This consists of all the observations available for model analysis, 

including radiosondes, buoys, and satellite data.  The second dataset was the independent 

dataset not used in the analysis made up of the Department of Water Resources Studies 

(DWRS) surface weather station data.  Table 6.1 lists all the DWRS stations, including 

those used in the verification.  A total of 36 stations were included and 16 stations were 

excluded.  If a station was excluded, the reason is given.  Stations were excluded for the 

entire period for two reasons: (1) if the model terrain height for the station was more than 

100 m different than the actual terrain height, and (2) if the model designated the location 

of a coastal or island station as water instead of land.  Single hours of data at a station 

were excluded from the bias and RMS errors when any one of the variables was not 

present; for example, if the wind speed was missing at a particular hour, the other 

variables at that hour were also not included in the calculations.  The third dataset, 

designated as “both,” is a combination of the ADP and DWRS datasets. 
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Table 6.1.  Department of Water Resources Studies surface stations used for COAMPS® verification, 
including a reason for exclusion if a station was not used in the verification. 

DWRS stations used in verification 
Station Latitude Longitude Elevation (m) Nearest Grid Point 

(X,Y) 
if excluded, 
reason for 
exclusion 

Abu Al Bukhoosh 25.495 53.146 37  No data 
Abu Dhabi 24.476 54.329 7 (85.2, 88.6)  
Al Faqa 24.719 55.621 235 (98.5, 91.8)  
Al Heben 25.124 56.159 933 (103.9, 96.6) Terrain 
Al Jazeera B.G. 23.291 52.289 25  No data 
Al Malaiha 25.131 55.888 186 (101.1, 96.6)  
Al Shiweb 24.776 55.798 306 (100.3, 92.5)  
Alarad 23.845 55.524 212 (97.9, 81.8)  
Alfoah 24.334 55.806 335 (100.6, 87.5)  
Algheweifat 24.121 51.627 69 (57.1, 84.3)  
Alhiyar 24.599 55.783 325 (100.3, 90.5)  
Alkhazna 24.159 55.101 192 (93.3, 85.2)  
Alqlaa 24.153 52.980 11 (71.2, 84.7)  
Alquaa 23.393 55.419 150 (97.0, 76.6)  
Alsaa 24.099 56.011 434 (102.9, 84.9) Terrain 
Alsad 24.210 55.512 199 (97.6, 86.0)  
Alsamha 24.701 54.788 35 (89.9, 91.3)  
Alwathbah 24.180 54.699 63 (89.1, 85.3)  
Bu Humrah 23.506 54.53 171 (87.6, 77.6)  
Dalma 24.491 52.294 25 (64.1, 88.5)  
Das Island 25.148 52.871 12  Model water 
Dhudna 25.511 56.422 64 (106.4, 101.2)  
Falaj Al Moalla 25.338 55.866 120 (100.8, 99.0)  
Ghantuat 24.887 54.843 29 (90.4, 93.4)  
Hamim 22.974 54.303 126 (85.3, 71.4)  
Hatta 24.811 56.138 325 (103.8, 93.1) Terrain 
Jabal Hafeet 24.057 55.775 1059 (100.4, 84.3) Terrain 
Jabal Jais 25.95 56.172 1739 (103.6, 106.0) Terrain 
Jabal Mebreh 25.630 56.129 1450  No data 
Khatam Al Shaklah 24.211 55.952 433 (102.2, 86.1)  
Madinat Zayed 23.682 53.699 118 (78.8, 79.4)  
Makassib 24.666 51.824 20  Model water 
Manama 25.323 56.009 217 (102.3, 98.8)  
Masafi 25.359 56.162 525 (103.8, 99.3)  
Mezaira 23.145 53.779 204 (79.8, 73.3)  
Mezyed 24.029 55.848 345 (101.2, 84.0)  
Mukhariz 22.935 52.878 145 (70.3, 70.7)  
Owtaid 23.396 53.103 180 (72.6, 76.0)  
Qarnen 24.935 52.846 32  Model water 
Raknah 24.343 55.707 288 (99.6, 87.6)  
Ras Musherib 24.314 51.534 22  No data 
Rezeen 23.678 54.779 123 (90.1, 79.6)  
Saih Al Salem 24.828 55.312 105 (95.3, 92.9)  
Sham 26.029 56.094 43 (102.8, 106.9) Terrain 
Sir Bani Yas 24.317 52.598 143 (67.2, 86.5) Terrain 
Swiehan 24.466 55.331 170 (95.6, 88.8)  
Tareef 24.007 53.729 20 (79.1, 83.1)  
Tawi Dakhnan 23.819 54.656 123 (88.8, 81.2)  
Tawiyen 25.56 56.070 186 (102.8, 101.6) Terrain 
Um Azimul 22.714 55.139 140 (94.3, 68.7)  
Umm Al Quwain 25.533 55.658 20 (98.6, 101.1)  
Wadi Al Bih 25.776 56.018 69 (102.1, 104.0) Terrain 
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6.2. Surface Verification 

The variables used for verification near the surface include 2 m air temperature, 2 

m dewpoint temperature, 10 m wind speed, 10 m wind direction, and surface visibility.  

COAMPS® model output of dewpoint depression is converted to dewpoint temperature.  

Visibility, in kilometers, is calculated from the COAMPS® output of surface dust 

concentration (sfcscc) using the following relation: 

 
( )2

16.0)(
sfdscc

kmvisibility = ,      (6.3) 

where sfdscc is the surface dust concentration.  This equation is derived from the 

Koschmider Equation (Seinfeld 1986).  All the variables, except for visibility, are 

available in the DWRS dataset and are verified against this dataset.  Visibility is not 

measured at the DWRS stations and is therefore verified only against the ADP dataset.  

6.2.1. Surface Verification – All Stations vs. Forecast Time 

 The model performance was verified versus forecast valid time for 0, 6, 12, 18, 

24, 30, 36, 42, and 48 hour forecasts for 2 m air temperature, 2 m dewpoint temperature, 

10 m wind speed, 10 m wind direction, and surface visibility.  The variables were verified 

for all three datasets for both the 0000 UTC (0400 LT) and 1200 UTC (1600 LT) model 

initialization time.  The verification against the UAE dataset will be discussed in this 

chapter for all variables as this is the independent dataset, except for visibility which is 

verified with the ADP dataset.  Bias and RMS are calculated for each available model-

observation pair and then averaged over all available pairs.  The average number of 

points per day used in calculating the bias and RMS errors is also given. 

 The model temperature bias and RMS for the 0000 UTC (0400 LT) and 1200 

UTC (1600 LT) initialization runs are shown in Figure 6.1.  For both plots, an average of 
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32 model-observation pairs were used to calculate the bias and RMS every 6 hours for 

the 48-hour forecasts.  COAMPS® generally under-predicts the temperature at each time 

period.  In the late morning (1000 LT) and afternoon (1600 LT) hours, COAMPS® has a 

0-1°C cold bias.  During the night (2200 LT) and early morning (0400 LT), the cold bias 

increases to 2-3°C.  The same COAMPS® model run verified against the dataset 

including both the ADP (assimilated) and DWRS data showed improvement over the 

UAE (independent) dataset (Appendix B).  The model temperature bias is between 0°C 

and 2°C degrees too cold, with the improvements of about 1°C in the forecasts valid at 

night and in the early morning.  The temperature bias in the late morning is about 1°C 

cooler in the dataset that included both ADP and DWRS data as compared to the 

independent UAE dataset.   

 Model dewpoint temperature bias and RMS is shown in Figure 6.2 for the 0000 

and 1200 UTC (0400 and 1600 LT) initialization times.  An average of 30 pairs per day 

were used.  COAMPS® has a 2-4°C cold bias during the night (2200 LT) and morning 

hours (0400-1000 LT).  The bias in the afternoon (1600 LT) is slightly too high.  When 

COAMPS® is verified against both the UAE and ADP, the model dewpoint bias 

improves at all forecast time periods, but still ranges between a 0°C bias in the afternoon 

to a bias of about –2°C at night and in the early morning for the 0000 UTC (0400 LT) 

initialized model runs.  The model dewpoint bias improves for the 1200 UTC (0600 LT) 

model runs at all time periods and ranges from 1°C too warm in the afternoon to about    

–2°C too cold at night and in the early morning.  Thus about 1.5°C improvement occurs 

during the early and late morning hours. 
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Figure 6.1.  2 m air temperature RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC 
(1600 LT) initialization times.  COAMPS® verified against UAE dataset.  Watch refers to model 
initialization time. 
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Figure 6.2.  2 m Dewpoint temperature RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 
UTC (1600 LT) initialization times.  COAMPS® verified against the UAE dataset.  Watch refers to 
model initialization time. 
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The wind speed bias and RMS error are shown in Figure 6.3 for the 0000 UTC 

(0400 LT) model initialization time.  An average of 32 pairs per day were available for 

verification.  For both the 0000 UTC (0400 LT) and 1200 UTC (1600 LT) initialization 

times, the model winds are 0.5-1 m s-1 too fast during the forecast times valid during the 

morning hours (0400-1000 LT).  The model winds are about 0.5 m s-1 too slow during the 

afternoon (1600 LT) and night (2200 LT).  The model wind speed bias and RMS slightly  

improve when verified against the combined UAE and ADP datasets (Appendix B).  The 

most improvement is in the forecasts valid in the late morning (1000 LT).  The model 

wind speed bias ranges between –0.5 m s-1 and 0.5 m s-1 for both the 0000 UTC (0400 

LT) and 1200 UTC (1600 LT) forecasts.     

 The model wind direction bias and RMS are plotted in Figure 6.4 for the 0000 

UTC (0400 LT) and 1200 UTC (1600 LT) initialization times.  There were an average of 

32 points per day available to computer the bias and RMS errors.  For the 0000 UTC 

(0400 LT) model runs, there is a 20° bias in wind direction at the initialization time.  For 

the 1200 UTC (1600 LT) model runs, there is no bias in the wind direction.  For both 

model initialization times, the forecasts valid in the night (2200 LT) and morning hour 

(0400-1000 LT), have a 10-20° bias error.  For the forecast integration times in the 

afternoon (1600 LT) there is no wind direction bias.  The wind direction bias improves 

for the forecasts verified against both datasets combined.  The bias ranges from 0° to 10° 

for both model initialization times when computed for the combined ADP and UAE 

datasets (Appendix B).   
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Figure 6.3.  Wind speed RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT) 
initialization time.  COAMPS® verified against UAE dataset.  Watch refers to model initialization 
time. 
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Figure 6.4.  Wind direction RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 
LT) initialization times.  COAMPS® verified against UAE dataset.  Watch refers to model 
initialization time. 
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 Visibility is not measured at the DWRS stations, but is available at the surface 

stations in the ADP dataset.  An average of 38 model-observation pairs were available 

per day in the ADP dataset.  Visibility observations under clear sky conditions are 

typically less than model determined visibility so care must be taken when comparing 

model to observed visibilities.  The model visibility bias and RMS errors are shown in 

Figure 6.5.  The data from these stations were included in the model initialization and 

were available for data assimilation.  The bias at the initialization time improves from 4 

km in the 0000 UTC (0400 LT) runs to 3 km in the 1200 UTC (1600 LT) runs.  An 

inherent problem with comparisons of model and observed visibilities is that there can be 

no visibility less than zero.  In addition, observations of visibility are typically given 

qualitatively instead of exact values of visibility that are determined from the model.  The 

visibility bias improves in the afternoon, and worsens during the morning and night.  The 

RMS error is between 6-7 km at all forecast integration times.   

 A summary of the bias and RMS error values calculated using the UAE dataset as 

a function of forecast valid time are given in Tables 6.2 and 6.3 for temperature, 

dewpoint temperature, wind direction, and wind speed.  Table 6.2 contains values for the 

simulations initialized at 0000 UTC (0400 LT), and Table 6.3 is for the 1200 UTC (1600 

LT) initialized simulations.  The model bias and RMS error is smallest at forecast 

integration times in the afternoon, and largest in the early morning (0400 LT).  Air 

temperature RMS errors are between 2°C and 3.25°C and the bias errors are between       

-3°C and 0°C.  The dewpoint temperature RMS and bias errors are larger than the air 

temperature errors.  The dewpoint temperature RMS errors range from 4.75°C to 6.5°C 

and the bias errors range from -3.5°C to 2°C.  The wind speed errors are small, with RMS  
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Figure 6.5.  Visibility RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT)  
initialization times.  COAMPS® verified against ADP dataset.  Watch refers to model initialization 
time. 
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Table 6.2.  Summary of RMS and bias error values for COAMPS® verified against the UAE 
(independent) dataset for the simulations with a 0000 UTC (0400 LT) initialization. 

RMS and bias error for COAMPS verified against UAE dataset, 0000 UTC runs 
 Temperature (°C) Dewpoint (°C) Wind Speed (m s-1) Wind Direction (°) 
Tau RMS Bias RMS Bias RMS Bias RMS Bias 
0 2.25 -1.25 6 -3 2 0.75 84 21 
6 2 0 5 -1.75 2.5 1 71 20 
12 2.25 -1 4.75 0.5 2 -0.5 68 0 
18 3.25 -2.5 5.75 -3 2 -0.5 72 15 
24 3 -2 6.5 -3.5 1.75 0.5 84 18 
30 2.25 0 5.25 -2 2.25 0.5 72 17 
36 2.25 -1 5.25 0.5 2.25 -0.5 70 1 
42 3.25 -2.5 6 -2.75 2 -0.5 71 17 
48 3 -2 6.5 -3.5 2 0.5 85 22 
 
 
 
Table 6.3.  Summary of RMS and bias error values for COAMPS® verified against the UAE 
(independent) dataset for the simulations with a 1200 UTC (1600 LT) initialization. 

RMS and bias error for COAMPS verified against UAE dataset, 1200 UTC runs 
 Temperature (°C) Dewpoint (°C) Wind Speed (m s-1) Wind Direction (°) 
Tau RMS Bias RMS Bias RMS Bias RMS Bias 
0 2 0.5 5.25 2 2 -0.5 68 0 
6 3.25 -2.75 5.5 -2.75 2 -0.5 70 15 
12 3 -2.25 6.25 -3.5 2 0.75 85 20 
18 2 0 5.25 -2 2.25 0.75 71 17 
24 2.25 -1 4.75 0.5 2 -0.5 71 0 
30 3.25 -2.5 6 -3 2 -0.5 73 20 
36 3 -2 6.5 -3.5 2 0.75 86 20 
42 2.25 0 5.5 -1.75 2.25 0.75 73 18 
48 2.5 -1 5.5 1 2.25 -0.5 75 4 
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errors of up to 2.5 m s-1.  The wind speed bias errors are between -0.5 and 1 m s-1.  The 

wind direction RMS errors are between 65° and 85° with bias errors of 0° to 25°.  The 

model performance at different regions of the UAE will be presented in Section 6.3. 

6.2.2. Surface Verification –Time Series  

 Time series of model bias and RMS were created for the 0000 UTC (0400 LT) 1 

August to 1200 UTC (1600 LT) 5 October 2004 model runs for all the surface variables.  

Comparisons are given between the three datasets.  Air temperature, dewpoint 

temperature, wind speed, and wind direction are available for all three datasets, and 

visibility is available for only the ADP dataset.  Separate time series were created for the 

0-, 6-, 12-, 18-, 24-, 30-, 36-, 42-, and 48-hour forecast valid time.  This is to investigate 

any model performance degradation in particular forecast valid times; for instance, given 

the same initialization time, is the model performance worse for the 48-hour forecast as 

compared to the 12-hour forecast?  Bias error and RMS error are calculated for each 

model-observation pair and then averaged over all the available pairs.  

 The model performance time series show a diurnal variation, similar to the plots 

showing the model performance at different forecast valid times (Figures 6.1-6.5).  This 

occurs for all three datasets used for verification.  The amplitude of the diurnal variation 

is not constant throughout the 2-month verification period.  The diurnal variation of the 

bias and RMS errors will be investigated further in Section 6.1.2.1.     

 Time series plots of 2 m air temperature RMS and bias error for the initialization 

time and each subsequent six-hour forecast integration time are shown in Figures 6.6-

6.14.  The temperature bias is typically a 1-2°C cold bias during the two-month period.  

An RMS error of 3-3.5°C in the ADP dataset occur from 14-17 August.  During this time 



 204

the RMS errors in the UAE dataset are 1.5-2.5°C.  This is during a period when the 

northwesterly winds over the southern Arabian Gulf exceed 8 m s-1.  From 1 to 3 

September, the RMS error in the UAE dataset is higher than for the ADP dataset. The 

UAE dataset during this same time has a cold bias of -3°C at the initialization time to a    

-4°C bias in the 48-hour forecast.  The observed wind speeds over the southern Arabian 

Gulf during this period were 2-4 m s-1.  On 21-23 September, immediately preceeding the 

end of the monsoon, the UAE dataset has RMS error values of 3.5°C.  A cold bias of       

-3.5°C increases from the initialization time to -5°C in the 36-hour forecast.  The ADP 

dataset has RMS errors of 3.5-4°C from 2 to 5 October.  During both of these periods the 

UAE dataset had RMS errors of 2-2.5°C.  The summer monsoon ended between 23 and 

27 September, and this could lead to the high RMS error in the ADP dataset in October.  

During the monsoon, mesoscale patterns were dominant.  Once the monsoon ended, a 

tropical disturbance moved into the region and the weather was controlled by more large-

scale features.  The verification against the UAE dataset results in an overall colder bias 

than the verification against the ADP dataset.  At the initialization time, the ADP 

temperature bias is 2°C in early October.  In the 6-hour forecast, the ADP temperature 

bias is a -1 to -2°C for the same time period.  The RMS error improves in each 

subsequent forecast integration time in early October.  The data assimilation that occurs 

every 12 hours seems to have an effect on both the bias and RMS errors.  The cold bias 

increases at the 0600 and 1800 UTC (1000 and 2200 LT) forecasts, and then improves at 

the 0000 and 1200 UTC (0400 and 1600 LT) forecasts.  The inclusion of assimilated data 

dampens the amplitude of the diurnal variation of the temperature bias.   
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Figure 6.6.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=0 hours (initialization time).  Verification against the 
UAE dataset in green, ADP dataset in red, and combined datasets in black. 
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Figure 6.7.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=6 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.8.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=12 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.9.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=18 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure  6.10.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=24 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.11.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=30 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.12.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=36 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.13.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=42 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.14.  2 m air temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=48 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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The time series plots of 2 m dewpoint temperature RMS and bias errors for every 

six-hour integration time are shown in Figures 6.15-6.23.  At the analysis time (0-hr 

forecast; Figure 6.15), the COAMPS® dewpoint temperature bias exhibits a large diurnal 

variation around a 0° bias.  This diurnal oscillation was shown in Section 6.1, where there 

was a warm dewpoint bias in the afternoons and a cold dewpoint bias in the morning.  

The bias ranges from about –8° to +7°C at the analysis time.  RMS errors are higher for 

the UAE dataset than the ADP dataset for the majority of the two-month time period.  

Many of the largest RMS errors (greater than 8°C) occur when the observed wind speed 

over the southern Arabian Gulf exceed 5 m s-1.  The faster wind speeds may lead to more 

evaporation which affects the moisture content over the region.  The diurnal oscillation is 

present at all forecast times, and is stronger when COAMPS® is verified against the UAE 

dataset.  At the rest of the forecast times, there is typically a cold bias of about 2°C.  

Periods of warm dewpoint biases are present, most notably in late September.      

 Time series plots of wind speed RMS and bias errors are shown in Figures 6.24-

6.32 for the initialization time and each subsequent six-hour forecast.  The wind speed 

bias error for the two-month verification period depends on the dataset COAMPS® is 

verified against.  The ADP dataset typically has higher RMS errors than the UAE dataset.  

Wind speed RMS errors are between 1.5 and 4 m s-1.  The time periods with higher 

temperature and dewpoint temperature RMS errors also have higher wind speed RMS 

errors.  When verified against the independent UAE dataset, COAMPS® overpredicted 

the wind speed by 0-1 m s-1.  When verified against the ADP dataset, COAMPS® 

underpredicted the wind speeds by about 0-1 m s-1.  The diurnal bias oscillation is seen in 

the wind speed bias as in the temperature and dewpoint time series.  The amplitude of the  
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Figure 6.15.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=0 hours (initialization time).  Verification against the 
UAE dataset in green, ADP dataset in red, and combined datasets in black. 
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Figure 6.16.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=6 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.17.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=12 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.18.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=18 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.19.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=24 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.20.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=30 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.21.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=36 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.22.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=42 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.23.  2 m dewpoint temperature (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=48 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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oscillation does not show much dampening in the analysis forecasts as compared to the 

later forecast times such as the 48-hr forecast (Figure 6.32). 

Time series plots of wind direction RMS and bias error for every six-hour forecast 

integration time are shown in Figures 6.33-6.41.  The model wind direction bias error for 

COAMPS® verified against the UAE dataset is about 20-40° during the two-month 

period.  There is some improvement at the analysis time (0-hr forecast; Figure 6.33) as 

compared to the 48-hour forecast (Figure 6.41).  At some times, there is a wind direction 

bias of 60-80°, which could lead to large differences in other aspects of the forecasts, 

given the proximity to water.  When verified against the APD dataset, RMS error values 

improve by 10-50° over the verification against the UAE dataset. 

Time series plots of visibility RMS and bias errors for each six-hour forecast are 

shown in Figures 6.42-6.50.  Visibility was only available in the ADP dataset, and as the 

both dataset contains the ADP data and the UAE data, the bias and RMS error values for 

visibility are the same for the ADP and both datasets.  The visibility bias at the analysis 

time (0-hr forecast; Figure 6.42) was about 3 km.  This is an improvement from the 48-hr 

forecast which had about a 4 km bias (Figure 6.50).  This can have important 

implications because the positive 3-4 km visibility bias means that COAMPS® believes 

that the visibility is better than the observations show.  This bias error is due to the 

inherent problem of model visibility versus observed visibility that arises from the 

visibility observations under clear sky conditions typically being less than model 

determined visibility.  Biases of 4-6 km occurred in early September and early October 

and persisted for several days each time. 
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Figure 6.24.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=0 hours (initialization time).  Verification against the UAE 
dataset in green, ADP dataset in red, and combined datasets in black. 
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Figure 6.25.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=6 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.26.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=12 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.27.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=18 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
 



 229

 
Figure 6.28.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=24 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.29.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=30 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.30.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=36 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.31.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=42 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black.   
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Figure 6.32.  10 m wind speed (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=48 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.33.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=0 hours (initialization time).  Verification against the 
UAE dataset in green, ADP dataset in red, and combined datasets in black.   
 



 235

 
Figure 6.34.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=6 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.35.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=12 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.36.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=18 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.37.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=24 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.38.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=30 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.39.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=36 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.40.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=42 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.41.  10 m wind direction (a) RMS and (b) bias errors for all stations for 1 August to 5 
October 2004 at forecast integration time tau=48 hours.  Verification against the UAE dataset in 
green, ADP dataset in red, and combined datasets in black. 
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Figure 6.42.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=0 hours (initialization time).  Verification against the UAE 
dataset in green, ADP dataset in red, and combined datasets in black. 
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Figure 6.43.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=6 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.44.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=12 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.45.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=18 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.46.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=24 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.47. Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=30 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.48.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=36 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.49.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=42 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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Figure 6.50.  Surface visibility (a) RMS and (b) bias errors for all stations for 1 August to 5 October 
2004 at forecast integration time tau=48 hours.  Verification against the UAE dataset in green, ADP 
dataset in red, and combined datasets in black. 
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The two-month time series of bias and RMS error show important comparisons 

between the datasets.  It was expected that COAMPS® would perform better when 

verified against the ADP dataset, which was part of the surface data assimilated into the 

model, and which undergoes a complete data quality process (Baker 1992).  This shows 

the necessity of a reliable independent dataset that can be used for model verification.  

The status of the quality control on the DWRS data is unknown.  In data sparse regions of 

the world, as found in this study, data is often harder to obtain, but also even more 

important to obtain in order to understand model performance in these regions.  The UAE 

dataset typically showed cooler and drier biases with larger magnitude biases, along with 

overpredictions of wind speed and larger wind direction errors than the ADP dataset.  

Many of the highest RMS and bias errors seem to occur when the wind speed over the 

southern Arabian Gulf is higher than average (2.8 m s-1).  

6.2.2.1. Surface Verification – Two Week Time Series 

 Two weeks were selected during the 1 August to 5 October time period to 

investigate any diurnal variation of forecast errors.  The time period selected is 16-26 

September.  This time period was selected because from 16-21 September there was high 

variability in the RMS and bias errors.  The 2 m air temperature (Figures 6.51-6.55), 2 m 

dewpoint temperature (Figures 6.56-6.60), 10 m wind speed (Figures 6.61-6.65), 10 m 

wind direction (Figures 6.66-6.70), and surface visibility (Figures 6.71-6.75) are plotted 

for each forecast integration time (tau = 0, 12, 24, 36, 48 hours) for the two-week period.  

The time series are plotted so that the x-axis indicates the time for which the forecast is 

valid.   
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From 16-21 September, the observed wind speed over the southern Arabian Gulf 

is less than 4 m s-1.  On the afternoon of 21 September, and continuing through 22 

September, the observed wind speed is 4-6 m s-1.  On the afternoons of 23-26 September 

the afternoon wind speed increases above 4 m s-1.  Between 23 and 27 September, the 

southwest monsoon ends.  On 27-28 September the observed wind speed remains less 

than 4 m s-1.  Sea breezes were observed to form on all days during this time except for 

22 September.   On 21, 23, 27, and 28 September, a sea breeze formed over parts of the 

UAE, but not over the entire Arabian Gulf coastline.  The different observed wind speed 

regimes will be compared to the RMS and bias errors to determine if the magnitude of 

wind speed has an effect on model performance.  

The 2 m air temperature ADP RMS error is higher than the UAE RMS error until 

21 September.  This corresponds with the time period when the observed ambient wind 

speeds were light over the region.  From 21 September to 24 September when the 

prevailing wind speed exceeded 4 m s-1, the UAE RMS error is higher.  The ADP dataset 

again has a higher RMS error from 24 to 26 September at the initialization time.  From 

26-28 September, the UAE dataset has higher RMS error than the ADP dataset.  The 

UAE dataset had a cold bias from 15 to 26 September except for the afternoon of 19 

September, when there is a slight warm bias.  A diurnal variation is RMS and bias error 

can be seen during this time period, with smaller error values typically in the afternoon 

and larger error values during the night.   
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Figure 6.51.  2 m air temperature (a) RMS error and (b) bias errors for all stations for 0000 UTC 16 
September to 1200 UTC 26 September 2004.  Verification of initialization data, x-axis labels indicate 
the date for which the forecast is valid. 
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Figure 6.52.  2 m air temperature (a) RMS and (b) bias error for 1200 UTC 16 September to 0000 
UTC 27 September 2004.  Verification of forecasts valid at 12 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.53.  2 m air temperature (a) RMS and (b) bias error for 0000 UTC 17 September to 1200 
UTC 27 September 2004.  Verification of forecasts valid at 24 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.54.  2 m air temperature (a) RMS and (b) bias error for 1200 UTC 17 September to 0000 
UTC 28 September 2004.  Verification of forecasts valid at 36 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.55.  2 m air temperature (a) RMS and (b) bias error for 0000 UTC 18 September to 1200 
UTC 28 September 2004.  Verification of forecasts valid at 48 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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The 2 m dewpoint temperature bias and RMS errors are usually larger for 

forecasts valid during the night, with bias values of +1° to -6°C.  The daytime dewpoint 

temperature bias is only 0° to +2°C for all forecasts during this time valid in the 

afternoon except for on 17 September, when it is +4°C.  There is a smaller diurnal 

variation in both error values for the ADP dataset than for the UAE dataset.  The 

dewpoint temperature bias in the ADP dataset is positive early in the two-week period 

when the observed wind speeds are lighter.  The largest RMS values occurred on the days 

with light observed ambient winds over the Arabian Gulf (19-20 September) and also 

after the monsoon ended (26-28 September).  The error values increase in each 

subsequent forecast integration time.     

The wind speed RMS error values are usually higher in the ADP dataset for 16-28 

September by about 1 m s-1.  The bias errors are smaller for forecasts valid during the 

afternoon, meaning COAMPS® is predicting the peak of the wind speed during the 

afternoon during this time period.  Bias errors are larger in the UAE dataset through the 

morning of 21 September, and on 23-24 September.  This is during the time when the 

observed wind speeds were light over the southern Arabian Gulf.  The bias error values in 

the UAE and ADP datasets are similar to each other after the end of the monsoon (24-28 

September) at all forecast integration times.   
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Figure 6.56.  2 m dewpoint temperature (a) RMS and (b) bias error for 0000 UTC 16 September to 
1200 UTC 26 September 2004.  Verification of forecasts valid at the initialization time, x-axis labels 
indicate the date for which the forecast is valid. 
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Figure 6.57.  2 m dewpoint temperature (a) RMS and (b) bias error for 1200 UTC 16 September to 
0000 UTC 27 September 2004.  Verification of forecasts valid at 12 hours after the initialization time, 
x-axis labels indicate the date for which the forecast is valid. 
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Figure 6.58.  2 m dewpoint temperature (a) RMS and (b) bias error for 0000 UTC 17 September to 
1200 UTC 27 September 2004.  Verification of forecasts valid at 24 hours after the initialization time, 
x-axis labels indicate the date for which the forecast is valid. 
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Figure 6.59.  2 m dewpoint temperature (a) RMS and (b) bias error for 1200 UTC 17 September to 
0000 UTC 28 September 2004.  Verification of forecasts valid at 36 hours after the initialization time, 
x-axis labels indicate the date for which the forecast is valid. 
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Figure 6.60.  2 m dewpoint temperature (a) RMS and (b) bias error for 0000 UTC 18 September to 
1200 UTC 28 September 2004.  Verification of forecasts valid at 48 hours after the initialization time, 
x-axis labels indicate the date for which the forecast is valid. 
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Figure 6.61.  10 m wind speed (a) RMS and (b) bias error for 0000 UTC 16 September to 1200 UTC 
26 September 2004.  Verification of forecasts valid at the initialization time, x-axis labels indicate the 
date for which the forecast is valid. 
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Figure 6.62.  10 m wind speed (a) RMS and (b) bias error for 1200 UTC 16 September to 0000 UTC 
27 September 2004.  Verification of forecasts valid at 12 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 



 267

 
Figure 6.63.  10 m wind speed (a) RMS and (b) bias error for 0000 UTC 17 September to 1200 UTC 
27 September 2004.  Verification of forecasts valid at 24 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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Figure 6.64.  10 m wind speed (a) RMS and (b) bias error for 1200 UTC 17 September to 0000 UTC 
28 September 2004.  Verification of forecasts valid at 36 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 



 269

 
Figure 6.65.  10 m wind speed (a) RMS and (b) bias error for 0000 UTC 18 September to 1200 UTC 
28 September 2004.  Verification of forecasts valid at 48 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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The wind direction RMS error values are 30° to 100°.  Bias error values are 

between -20° and +50°.  The error values are higher in the UAE dataset except for 22 

September.  Before 22 September, when the observed winds are light over the Arabian 

Gulf, the largest difference in errors (20-40°) occurs between the ADP and the UAE 

datasets.  For the forecasts valid in the afternoon when the observed wind speed is above 

4 m s-1, the RMS errors differ by about 10° between the ADP and UAE datasets.  The 

bias errors are also smaller in the afternoon, suggesting that COAMPS® does resolve the 

sea breeze well.  During the night the bias errors are larger, meaning COAMPS® does not 

well resolve the offshore winds during the night.  Error values remain relatively constant 

in subsequent forecast integration times. 

The visibility RMS error values are 5-7 km from 16-28 September.  Bias error 

values of 1-6 km occur during this time.  The low bias errors occur on 16 September.  

RMS error values of 7 km occur on the afternoon of 21 September and the morning of 23 

September, when the observed wind speeds are greater than 4 m s-1.  The diurnal change 

in RMS and bias values is not as evident in the visibility fields and other sources are 

probably responsible for the higher error values.  Error values remain relatively constant 

in subsequent forecast integration times.   
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Figure 6.66.  10 m wind direction (a) RMS and (b) bias error for 0000 UTC 16 September to 1200 
UTC 26 September 2004.  Verification of forecasts valid at the initialization time, x-axis labels 
indicate the date for which the forecast is valid. 
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Figure 6.67.  10 m wind direction (a) RMS and (b) bias error for 1200 UTC 16 September to 0000 
UTC 27 September 2004.  Verification of forecasts valid at 12 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.68.  10 m wind direction (a) RMS and (b) bias error for 0000 UTC 17 September to 1200 
UTC 27 September 2004.  Verification of forecasts valid at 24 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.69.  10 m wind direction (a) RMS and (b) bias error for 1200 UTC 17 September to 0000 
UTC 28 September 2004.  Verification of forecasts valid at 36 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 



 275

 
Figure 6.70.  10 m wind direction (a) RMS and (b) bias error for 0000 UTC 18 September to 1200 
UTC 28 September 2004.  Verification of forecasts valid at 48 hours after the initialization time, x-
axis labels indicate the date for which the forecast is valid. 
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Figure 6.71.  Surface visibility (a) RMS and (b) bias error for 0000 UTC 16 September to 1200 UTC 
26 September 2004.  Verification of forecasts valid at the initialization time, x-axis labels indicate the 
date for which the forecast is valid. 
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Figure 6.72.  Surface visibility (a) RMS and (b) bias error for 1200 UTC 16 September to 0000 UTC 
27 September 2004.  Verification of forecasts valid at 12 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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Figure 6.73.  Surface visibility (a) RMS and (b) bias error for 0000 UTC 17 September to 1200 UTC 
27 September 2004.  Verification of forecasts valid at 24 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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Figure 6.74.  Surface visibility (a) RMS and (b) bias error for 1200 UTC 17 September to 0000 UTC 
28 September 2004.  Verification of forecasts valid at 36 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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Figure 6.75.  Surface visibility (a) RMS and (b) bias error for 0000 UTC 18 September to 1200 UTC 
28 September 2004.  Verification of forecasts valid at 48 hours after the initialization time, x-axis 
labels indicate the date for which the forecast is valid. 
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6.2.3. Surface Verification – Individual Station vs. Forecast Time 

 Model bias and RMS errors were computed in a similar fashion to those discussed 

above for selected stations to determine model performance at different locations in the 

UAE.  The stations selected are shown in Figure 6.76 and include the following:  Abu 

Dhabi, Alkhzna, Alqlaa, Dalma, Dhudna, Ghantuant, Hamim, Mezaira, Saih Al Salem, 

and Umm Al Quwain.  The stations were selected such that different areas of the UAE 

were represented.  Alqlaa, Abu Dhabi, Dhudna, Ghantuat, and Umm Al Quwain are 

coastal stations, Dalma is an island station, and Alkhazna, Hamim, Mezaira, and Saih Al 

Salem are stations in the interior of the UAE.  Figures are shown for Dalma, Abu Dhabi, 

and Hamim as examples of the island, coastal, and inland locations, respectively. 

6.2.3.1. Surface Verification – Individual Station: Island 

Dalma, an island station, was selected to verify how COAMPS® performs in 

maritime locations.  The model temperature bias ranges between about 1.5°C too warm in 

the early morning (0400 LT) to more than 3°C too cold in the afternoon (1600 LT; Figure 

6.77).  The model dewpoint temperature bias varies from 0°C to about 4°C too warm 

with the least bias in the late morning (1000 LT) and the largest bias in the afternoon 

(1600 LT; Figure 6.78).  The model wind speed bias at Dalma ranges from about -1.5     

m s-1 to 1 m s-1 with too fast of winds at 0400 and 1000 LT and too slow of winds at 1600 

LT (Figure 6.79).  The model wind direction RMS and bias errors are shown in Figure 

6.80.  The largest RMS and bias errors occur at forecasts valid in the afternoon (1600 

LT).  The wind direction is better predicted at night (2200 and 0400 LT).  The bias error 

ranges between 35° and 65°.  The model temperature bias at Dalma is smaller during the 

night, opposite to the tendency seen in the average bias explained in Section 6.1.  Dalma  



 282

 

Figure 6.76.  DWRS stations selected for individual station verification. 
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does not have the cold morning dewpoint temperature bias that was seen in the average 

bias.  The wind speed bias at Dalma is similar to the average wind speed bias for all 

stations, shown in Figure 6.3.  The wind direction RMS and bias errors at Dalma are in 

opposite phase to the RMS and bias errors computed for all stations, shown in Figure 6.4.  

This may be due the location of Dalma on an island and the model performing differently 

over the water than over the land.   

6.2.3.2. Surface Verification – Individual Stations: Coastal 

The coastal stations include Alqlaa, Abu Dhabi, Dhudna, Ghantuat, and Umm Al 

Quwain.  All these stations are on the Arabian Gulf coast except for Dhudna, which is 

located on the coast of the Gulf of Oman.  The model surface air temperature bias for 

Alqlaa, Ghantuat, and Umm Al Quwain ranged between about +1°C to -2°C with model 

temperatures overpredicted at 1000 LT and 1600 LT and underpredicted at 2200 LT and 

at 0400 LT.  The model temperature bias at Dhudna ranged from ± 1° at night (2200 LT) 

and in the early morning (0400 LT) and from -3°C to -6°C in the late morning (1000 LT) 

and afternoon (1600 LT), in contrast to the previous three stations.  As shown in Figure 

6.81, model temperatures were underpredicted by 1-2°C at Abu Dhabi for all forecast 

valid times. 

 The model dewpoint temperature bias varied between the five coastal stations.  At 

Dhudna, the dewpoint bias ranges between ± 1.5°C with no clear diurnal pattern.  At 

Ghantuat the model predicted dewpoint is 0-3°C too cold at all forecast valid times with 

smaller biases in the afternoon (1600 LT) and night (2200 LT).  At Umm Al Quwain the 

model dewpoint bias is -0°C to -4°C at all forecast valid times with better model  
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Figure 6.77.  2 m temperature RMS and bias errors at Dalma for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.78.  2 m dewpoint temperature RMS and bias errors at Dalma for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.79.  10 m wind speed RMS and bias errors at Dalma for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.80.  10 m wind direction RMS and bias errors at Dalma for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.81.  2 m temperature RMS and bias errors at Abu Dhabi for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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performance during the afternoon (1600 LT) and at night (2200 LT).  The model 

dewpoint bias at Abu Dhabi ranges from 0-1°C during the afternoon (1600 LT) to -1°C to 

-3°C during the morning (0400 and 1000 LT; Figure 6.82).  At Alqlaa, the model 

predicted dewpoint is 1°C too cold in the late morning (1000 LT), and 1-2°C too warm 

during the rest of the day.   

 The model wind speed bias shows a diurnal pattern for all stations except for 

Dhudna.  The wind speed at Dhudna is 1.5-3.5 m s-1 too fast at all time periods.  At 

Alqlaa and Ghantuat the wind speed bias is about 1 m s-1 in the late morning (1000 LT) 

and 0 m s-1 to -2 m s-1 during the rest of the day.  At Umm Al Quwain the wind speed is 

over predicted by 0.5-1 m s-1 throughout the day except in the afternoon (1600 LT) when 

the wind speed is underpredicted by about 1 m s-1.  At Abu Dhabi, the wind speed is 

overpredicted by 0.5-1 m s-1 throughout the day except at night (2200 LT) when it is 

underpredicted by about 0.5 m s-1 (Figure 6.83).  

  The wind direction RMS and bias errors at Abu Dhabi are shown in Figure 6.84.  

The wind direction is better predicted during the daytime (1000 LT and 1600 LT) and at 

night (2200 LT) with bias errors of 25° to 45°.  The bias error increases to 70° in 

forecasts valid at 0400 LT.  In the 0000 UTC (0400 LT) initialized runs, the wind 

direction bias error is 70°.  The initial forecast improves in the 1200 UTC (1600 LT) 

initialized runs, with bias errors of about 30°.   
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Figure 6.82.  2 m dewpoint temperature RMS and bias errors at Abu Dhabi for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.83.  10 m wind speed RMS and bias errors at Abu Dhabi for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.84.  10 m wind direction RMS and bias errors at Abu Dhabi for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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The model temperature bias at the coastal stations is similar to the average bias at 

all stations.  Some of the coastal sites had a warm air temperature bias in contrast to that 

shown in Figure 6.1.  The model dewpoint temperature bias at the coastal stations is also 

similar to the bias found for all stations.  The wind speed bias at the coastal stations show 

the same general diurnal variation as the average bias at different forecast times, where 

the daytime wind speed is underpredicted and the nighttime wind speed is overpredicted.  

The exception to this is Dhudna where the wind speed is overpredicted at all forecast 

times.  The wind direction RMS and bias errors at Abu Dhabi is similar to that shown in 

Figure 6.4, except the bias errors are larger at Abu Dhabi. 

6.2.3.3. Surface Verification – Individual Stations: Inland  

Alkhazna, Hamim, Mezaira, and Saih Al Salem are all inland stations.  Mezaira is 

located on an oasis.  At Alkhazna the temperature bias is +1°C in the late morning (1000 

LT) and is -0.5°C to -2°C at the other forecast valid times.  The model temperature bias at 

Mezaira ranges from +1°C in the late morning (1000 LT) to a -3°C bias in the early 

morning (0400 LT).  There is minimal bias in the afternoon.  At Hamim and Saih Al 

Salem, the model temperature is too cold at all forecast times, ranging from 0°C in the 

late morning (1000 LT) for Hamim (Figure 6.85) and in the afternoon (1600 LT) at Saih 

Al Salem, to -4°C at night (2200 LT) for both stations.   
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Figure 6.85.  2 m temperature RMS and bias errors at Hamim for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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 The model dewpoint temperature is too low at all forecast valid times for 

Alkhazna, Mezaira, and Saih Al Salem.  At all three stations the model performs better in 

the afternoon with a 0°C to -1°C bias.  During the overnight hours (2200 and 0400 LT) 

the model dewpoint is 2-6°C too cold.  The model dewpoint RMS and bias at Hamim are 

shown in Figure 6.86.  The dewpoint bias is 2-4°C during the afternoon, while throughout 

the rest of the day it is -1°C to -6°C.   

 The model wind speed bias at Saih Al Salem ranges from 2-5 m s-1 with better 

model performance at night (2200 LT) and in the early morning (0400 LT) and higher 

biases during the late morning (1000 LT) and afternoon (1600 LT).  The model wind 

speed bias is also positive at Alkhazna throughout the day, with biases of 0-2 m s-1.  

Model wind speed at Hamim is about 0.5 m s-1 too fast during the morning (1000 LT) and 

about 1 m s-1 too slow during the afternoon (1600 LT) and night (2200 LT; Figure 6.87).  

At Mezaira, the model wind speed bias is 1 m s-1 in the late morning (1000 LT) and         

-0.5 m s-1 to -2 m s-1 at the other forecast valid times.  

 The wind direction RMS and bias are shown at Hamim are shown in Figure 6.88 

for the 0000 UTC (0400 LT) and 1200 UTC (1600 LT) model runs.  The RMS and bias 

errors show a similar pattern to those at Abu Dhabi.  The largest errors occur in forecasts 

valid at 0400 LT, with bias errors of about 90°.  At the other forecast valid times, the bias 

error is between 45° and 65°.   
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Figure 6.86.  2 m dewpoint temperature RMS and bias errors at Hamim for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.87.  10 m wind speed RMS and bias errors at Hamim for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure 6.88.  10 m wind direction RMS and bias errors at Hamim for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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 The model temperature bias for inland stations is generally similar to that found 

for all stations.  Alkhazna and Mezaira show a warm bias in the afternoon at 1600 LT that 

was not seen in the plots in Section 1.1.  The warm dewpoint bias in the afternoon found 

in the average model dewpoint bias is only seen at Hamim.  Hamim is also the only 

station that has wind speed biases similar to the average wind speed biases.  The wind 

speed bias at Mezaira is similar to the average wind speed bias, but only one forecast 

time has a positive bias.  Figure 6.3 indicated a negative wind speed bias at 1600 LT and 

2200 LT, but Alkhazna and Saih Al Salem do not have a negative bias during any time 

periods.  Hamim shows similar wind direction RMS and bias errors as in Figure 6.4, but 

with larger values. 

6.2.4. Surface Verification – Individual Station Time Series 

 Time series of the model minus observed differences of 2 m air temperature, 2 m 

dewpoint temperature, 10 m wind speed, and 10 m wind direction were also created for 

the stations of Dalma, Abu Dhabi and Hamim.  The model minus observed differences 

for each variable are calculated for the 0-, 12-, 24-, 36-, and 48-hr forecast integration 

times and plotted versus the model initialization time.  These will be compared with the 

time series plots discussed in section 6.1.2 and any differences will be noted.     

6.2.4.1. Surface Verification – Individual Station: Dalma 

A diurnal variation in model minus observed air temperature at Dalma, located 

offshore, occurred throughout the two-month verification period (Figure 6.89).  Overall, 

the model was about 1°C colder than the observations during the entire period, but 

exceeded 5°C colder on several days even at the 0-hr forecast.  Model temperatures in the 

morning are warmer than the observations and this warm bias increases in strength and 
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frequency in the short-term forecasts.  The time series of model minus observed 

difference shows a similar pattern to the air temperature bias at all the stations, shown in 

Section 6.1.2.   

 The model minus observed dewpoint temperature difference at Dalma, shown in 

Figure 6.90, indicates the model is predicting warmer temperatures than the observations.  

The warm bias varies from about 0°-6°C.  A cold bias of up to -4°C exists for several 

days during the period.  When calculated for just Dalma, the dewpoint temperature bias 

error is positive during most of the period, with several periods with a negative bias.  The 

negative bias error increases in each subsequent forecast integration time.  Because the 

dewpoint temperature is calculated from the dewpoint depression model output field, 

COAMPS® is predicting too large of a dewpoint depression when the difference is 

negative and too small of a dewpoint depression when the difference is positive.     

The model wind speed at Dalma is usually too slow by 0 m s-1 to 4 m s-1 (Figure 

6.91).  The model minus observed wind speed differences increase in each subsequent 

forecast integration time.  Early to mid-August has the largest negative wind speed 

difference, exceeding 6 m s-1.  The differences are in phase with the errors shown in 

Figure 6.24.  COAMPS® predicts too slow wind speeds at Dalma.  Lighter synoptic wind 

speeds may cause a stronger modeled sea breeze circulation.  

The wind direction time series at Dalma is shown in Figure 6.92.  The model 

minus observed wind direction difference ranges between 10° and 180°.  The error values 

remain similar through each subsequent forecast integration time.  The bias error for all 

the stations, as shown in Figure 6.33, is less than the difference seen at Dalma.  The large 

errors at Dalma suggest that the sea breeze is not well modeled at this location.   
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Figure 6.89.  Time series of model minus observed 2 m air temperature differences at Dalma for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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Figure 6.90.  Time series of model minus observed 2 m dewpoint temperature differences at Dalma for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and 
(e) tau=48. 



 303

 
Figure 6.91.  Time series of model minus observed 10 m wind speed differences at Dalma for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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Figure 6.92.  Time series of model minus observed 10 m wind direction differences at Dalma for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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6.2.4.2. Surface Verification – Individual Station: Abu Dhabi 

The model minus observed 2 m air temperature difference for Abu Dhabi, a 

coastal station, is shown in Figure 6.93.  During the majority of the verification period 

from 1 August to 5 October, the temperature differences at Abu Dhabi are similar to the 

temperature bias shown in Figure 6.6.  The model temperature is cooler than the observed 

temperature at Abu Dhabi throughout the time period.  The negative temperature bias 

increases at each subsequent time period.   

The model minus observed 2 m dewpoint temperature difference for Abu Dhabi is 

shown in Figure 6.94.  The differences fluctuate around zero and are similar to the bias 

errors shown in Figure 6.15.  The negative model minus observed dewpoint temperature 

difference is larger at Abu Dhabi than the bias calculated for all the stations.  The 

negative bias increases in each subsequent forecast integration time.  The model 

dewpoint temperature is about 8°C cooler than the observations on 27 and 28 September 

at Abu Dhabi, which is not seen in the bias calculated at all the stations.  This large 

difference error occurs when there was a tropical disturbance in the northern Arabian Sea 

and suggests that COAMPS® did not capture the extent of the influx of moisture from the 

tropical disturbance. 

The model minus observed wind speed difference at Abu Dhabi varies between   

3 m s-1 to -5 m s-1 (Figure 6.95).  This is a larger range than that shown in Figure 6.24.  

The negative wind speed bias increases during each subsequent forecast period.  

Similarly to the model minus observed wind speed difference at Dalma, lighter wind 

speeds may create a stronger modeled sea breeze circulation than what occurs in the 

observations.   
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Figure 6.93.  Time series of model minus observed 2 m air temperature differences at Abu Dhabi for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and 
(e) tau=48. 
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Figure 6.94.  Time series of model minus observed 2 m dewpoint temperature differences at Abu Dhabi for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, 
and (e) tau=48. 
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Figure 6.95.  Time series of model minus observed 10 m wind speed differences at Abu Dhabi for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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The model minus observed wind direction difference at Abu Dhabi is shown in 

Figure 6.96.  The model wind direction ranges from 0° to 175° different than the 

observed wind direction.  The model minus observed differences remain similar at all 

forecast integration times and are larger than the bias errors are larger than those shown 

in Figure 6.33.  This large of errors will affect the timing and development of the 

modeled sea breeze circulation.   

6.2.4.3. Surface Verification – Individual Station: Hamim 

 The model minus observed 2 m air temperature differences are shown in Figure 

6.97 for Hamim, a station located about 175 km inland.  At the initialization time, the 

difference ranges from 3° to -5°C with the model being too cold on most days.  The 

differences are more negative than the temperature bias shown in Figure 6.6.  Throughout 

all forecast integration times, the largest differences occur on 1 September.  This peak is 

seen in the model minus observed temperature differences at Dalma, but not at Abu 

Dhabi. 

 The model minus observed 2 m dewpoint temperature differences are shown in 

Figure 6.98 for Hamim.  The model is between about 10°C warmer and 15°C cooler than 

the observations.  The differences in the initial forecast time improve in subsequent 

forecast integration times for many of the days.  The dewpoint bias errors are larger than 

the error shown in Figure 6.15.  The inland location of Hamim could cause difficulties in 

the short-term forecasts of the dewpoint temperature, as a sea breeze circulation may 

bring more moisture into the Hamim area.  For the days the sea breeze is not predicted 

well, this may affect the moisture availability over land.  
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Figure 6.96.  Time series of model minus observed 10 m wind direction differences at Abu Dhabi for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and 
(e) tau=48. 



 311

 
Figure 6.97.  Time series of model minus observed 2 m air temperature differences at Hamim for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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Figure 6.98.  Time series of model minus observed 2 m dewpoint temperature differences at Hamim for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, 
and (e) tau=48. 
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 The model minus observed 10 m wind speed differences at Hamim are shown in 

Figure 6.99.  At the initialization time, the model is between 4 m s-1 faster and 5 m s-1 

slower than the observations.  These differences increase in each subsequent forecast 

integration time and are similar to the values calculated for all stations, as shown in 

Figure 6.24.   

 The model minus observed 10 m wind direction differences at Hamim are shown 

in Figure 6.100. The model wind directions differ from the observations by 0° to 180°, 

similar to both the stations of Dalma and Abu Dhabi.  The differences are similar during 

all forecast integration times.  This suggests that COAMPS® has difficulties forecasting 

the wind direction, and therefore the inland extent of the sea breeze circulation, at 

Hamim.  The timing of the modeled sea breeze may affect the wind directions and wind 

speeds when compared to observations.      

6.3. Comparison of Vertical Profiles 

The vertical sounding verification was done every 12 hours for the 0000 and 1200 

UTC (0400 and 1600 LT) soundings.  All vertical soundings were verified at pressure 

levels 1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, and 100 hPa for geopotential 

height, temperature, dewpoint temperature, wind direction, and wind speed.  Model 

output of dewpoint depression is converted to dewpoint temperature, similar to the 

analysis done for surface variables.  There were a total of 11 soundings on the 9-km 

model grid available for verification of (Table 6.4).  Model vertical soundings at Abu 

Dhabi were also verified against observations to determine the ability of the model to 

predict the boundary layer height.   
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Figure 6.99.  Time series of model minus observed 10 m wind speed differences at Hamim for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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Figure 6.100.  Time series of model minus observed 10 m wind direction differences at Hamim for (a) tau=0, (b) tau=12, (c) tau=24, (d) tau=36, and (e) 
tau=48. 
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Table 6.4.  Radiosonde sites used for COAMPS® verification including latitude, longitude, and 
corresponding model grid point. 

Radiosondes used in COAMPS verification 
ID Name Latitude Longitude Grid Point (X,Y)
40417 King Fahd Intl Airport,  

Saudi Arabia 
26.45 49.82 (38.85, 111.05) 

40437 King Khaled Intl Airport, 
Saudi Arabia 

24.93 46.72 (6.43, 95.00) 

40582 Kuwait Intl Airport, 
Kuwait 

29.22 47.98 (21.47,142.94) 

40811 Ahwaz, 
Iran 

31.33 48.67 (29.07, 166.40) 

40841 Kerman, 
Iran 

30.25 56.97 (109.27, 154.96) 

40848 Shiraz (civ/afb), 
Iran 

29.53 52.53 (66.19, 145.63) 

41170 Doha Intl Airport, 
Qatar 

25.25 51.57 (56.57, 97.16) 

41256 Seeb Intl Airport/Muscat, 
Oman 

23.58 58.28 (126.89, 80.22) 

41316 Salalah, 
Oman 

17.03 54.08 (84.48, 2.22) 

40373 Al Qaysumah, 
Saudi Arabia 

28.32 46.13 (2.68, 133.74) 

41217 Abu Dhabi, 
United Arab Emirates 

24.43 54.65 (88.55, 88.18) 
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6.3.1. Vertical Verification – All Stations 

 Model bias and RMS were calculated every 12 hours in the 48 hour forecast.  The 

observed vertical profiles used are part of the ADP dataset, and they were included in the 

model runs through data assimilation.  No independent soundings were available for 

comparison with model output.  All available model-observation pairs were used to 

compute the bias and RMS error for upper-level variables in COAMPS®.   

 The model temperature bias and RMS errors in the vertical soundings are shown 

in Figure 6.101.  The smallest RMS error of 1-2°C occurs at the 700 hPa level.  The 

largest RMS error is at the 100 hPa level.  COAMPS® performs well in the lowest layers 

with only a slight warm bias.  Above 850 hPa a cold bias develops and increases with 

height and time to a maximum at 250 hPa.  At 250 hPa, COAMPS® is about 1°C too cold 

in the 0-hour forecast, and by the 48-hour forecast is 3°C too cold.   

 The model dewpoint temperature bias in the upper levels is shown in Figure 

6.102.  The RMS error is between 5°C and 8°C from 1000 to 700 hPa, with increasing 

error values in each subsequent forecast integration time.  In contrast to the temperature 

cold bias, the model dewpoint has a warm bias at all levels.  This warm bias increases 

with forecast valid time to a maximum bias at the 250 hPa level.  Below 700 hPa the bias 

is 0°C to 4°C too warm, but above this level the dewpoint bias increases to between 4°C 

and 14°C too warm.   

The geopotential height bias and RMS error is shown in Figure 6.103 for all 

available soundings.  The smallest RMS error (15-30 m) is at 1000 hPa.  The largest 

RMS error is at the 200 hPa level, where the error increases from 40 m in the 0-hr 

forecast to 80 m in the 48-hr forecast.  The model predicts geopotential height well  
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Figure 6.101.  Temperature RMS and bias error for all vertical soundings available on grid 3. 
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Figure 6.102.  Dewpoint temperature RMS and bias errors for all vertical soundings available on grid 3. 
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through most of the atmosphere, with underpredicted heights above 700 hPa.  The model 

height bias depends strongly on forecast valid time.  The bias for the 0-hour forecast is    

± 10 m for all levels up to the 400 hPa level.  Above 400 hPa the height bias is 10-30 m 

too low.  The model geopotential height bias increases with each forecast valid time with 

the largest biases occurring for the 48-hour forecast.  The lowest levels are still well-

predicted with a ± 10 m bias up to 700 hPa.  Above 700 hPa, the bias increases to a 

maximum of about -75 m at 200 hPa.   

 COAMPS® upper-level wind speed bias and RMS error is shown in Figure 6.104.  

An RMS error of 2 m s-1 occurs at 1000 hPa.  The RMS error increases with height to 6 

m s-1 at 200 hPa.  RMS errors increase in each subsequent forecast time.  The model 

underpredicts the wind speed at most levels.  This differs from the surface verification 

where COAMPS® underpredicted wind speed during the afternoon and night and 

overpredicts the wind speed during the morning.  Wind speeds are 0-1.5 m s-1 too slow up 

to 250 hPa.  From 250-150 hPa, the model overpredicts the wind speed by up to 1 m s-1.    

COAMPS® upper-level wind direction bias and RMS error are shown in Figure 

6.105.  The RMS errors decrease with height, with an error of 60° at 1000 hPa to an error 

of 40° at 100 hPa.  RMS errors increase in each subsequent forecast integration time.  

The wind direction bias is about 0°-10° from 1000 hPa to 200 hPa.  Above 200 hPa, the 

wind direction bias is -5° to -15°.   

 Shi et al. (2004) calculated bias and RMS for COAMPS® on standard pressure 

levels for January-March 1991.  The 15-km grid used in their study was in Southwest 

Asia, centered over the Iraq area.  While a different resolution grid and a different time of 

year was used, their study in addition to this study can help quantify how COAMPS® 
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Figure 6.103.  Geopotential height RMS and bias errors for all vertical soundings available on grid 3. 
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Figure 6.104.  Wind speed RMS and bias errors for all vertical soundings available on grid 3. 
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Figure 6.105.  Wind direction RMS and bias errors for all vertical soundings available on grid 3. 
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performs in the Middle East region throughout the year.  The largest differences in the 

RMS and bias errors they found in their verification of COAMPS® in the winter and this 

verification done for the summer occurs in the upper levels.  Where in the winter there 

was a warm bias of 0.2-0.6°C, in the summer there is a cold bias of about 4°C.  The 

geopotential height bias in the winter is 0 m to 9 m too low in the upper atmosphere, but 

in the summer that bias increases to –20 m to –40 m.   

6.3.2. Vertical Verification – Boundary Layer Height 

6.3.2.1. Model Estimated Planetary Boundary Layer Height Based on Ri 

 The model boundary layer height was compared with observations at Abu Dhabi.    

The observed soundings were obtained from the Department of Atmospheric Science at 

the University of Wyoming on their website 

(http://weather.uwyo.edu/upperair/sounding.html).  Radiosonde data were available every 

12 hours at 0000 UTC (0400 LT) and 1200 UTC (1600 LT) for 1 August to 5 October 

2004, with only seven missing soundings during that period.  The observed boundary 

layer height was determined by the location of the base of the elevated inversion using 

the virtual potential temperature.  The boundary layer depth is derived in COAMPS® 

based on the Richardson number (Ri), and is defined as the lowest level at which Ri 

exceeds a value of 0.5 (Chen et al. 2003).  The model boundary layer height bias and 

RMS errors were computed using 27 1200 UTC (1600 LT) soundings.  Bias and RMS 

error were computed for the 0-hr, 12-hr, 24-hr, 36-hr, and 48-hr forecasts, as shown in 

Figure 6.106.  COAMPS® generally overpredicted the height of the boundary layer by 

about 500 m, with slight increases in the overprediction during the later forecast valid 
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times.  This suggests that COAMPS® models the evolution of the boundary layer height 

well, but begins with too high of a value. 

 The boundary layer height bias at the analysis time for the 27 soundings is shown 

in Figure 6.107.  A model predicted boundary layer height higher than observed results in 

a positive bias, while a predicted height lower than observed results in a negative bias.  

At the analysis time, COAMPS® overestimates the boundary layer height on 19 days, and 

underestimates the height on eight days.   

6.3.2.2. Planetary Boundary Layer Height Estimated from Model Temperature 

Profiles 

Four days were chosen to compare the boundary layer height estimated from the 

model potential temperature profile with the boundary layer height estimated from the 

observed potential temperature profiles.  This was done to determine how well the 

potential temperature inversion that signifies the top of the boundary layer was being 

resolved.  The days selected are 3 August and 24 August, when the Ri method of 

determining the boundary layer height results in an over-estimation, and 15 and 28 

September, when the Ri method results in an under-estimation.   

Figure 6.108 shows the modeled potential temperature and observed potential 

temperature soundings on 3 August 2004 at 1200 UTC (1600 UTC).  The boundary layer 

height determined by the Ri method is 2240 m.  The observed boundary layer height is 

676 m, an overestimate by the Ri method of 1564 m.  The structure of both soundings is 

similar when compared at standard pressure levels.  However, the model does not resolve 

the convective boundary layer below 1000 m, and instead has an unstable layer to 676 m.  

Above 676 m the model potential temperature sounding is stable.  Estimating the 
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Figure 6.106.  Boundary layer height bias and RMS for Abu Dhabi. 
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Figure 6.107.  Boundary layer height bias at model analysis time for 1200 UTC soundings from 1 August to 5 October 2004.  Bias calculated as model 
value minus observation value. 
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Figure 6.108.  (a) Modeled and (b) observed potential temperature soundings for 1200 UTC (1600 LT) 3 August 2004.  Model sounding from 
initialization time. 
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boundary layer height from the model potential temperature significantly reduces the 

error for 3 August 2004.     

The boundary layer height is again overpredicted on 24 August 2004 at 1200 

UTC (1600 LT; Figure 6.109).  The model boundary layer height determined by the Ri 

method is 2257 m.  The model potential temperature profile does not resolve the 

convective boundary layer in the lowest 800 m.  The boundary layer height estimated 

from the model potential temperature profile is 1489 m.  The observed boundary layer 

height is 1510 m.  Similar to 3 August, the boundary layer height is better predicted by 

the model potential temperature profile than by the Ri method.   

On 15 September 2004, the model underpredicted the boundary layer height at 

Abu Dhabi at 1200 UTC (1600 LT), but by only 20 m (Figure 6.110).  The model 

boundary layer height determined by the Ri method is 520 m.  The model boundary layer 

height estimated from the model potential temperature profile is 731 m.  The model 

indicates a stable layer near the surface instead of a convective boundary layer near the 

surface as in the observations.  This could be due to a forecast error in wind direction.  

The observed boundary layer height is 540 m.  For 15 September, the Ri method 

performed better than the boundary layer height estimation from the model potential 

temperature profile.  There is no general correlation between synoptic flow pattern and 

boundary layer height estimation method. 

The boundary layer height was underpredicted by 787 m on 28 September 2004 at 

1200 UTC (1600 LT; Figure 6.111).  The model boundary layer height determined by the 

Ri method was 1555 m.  The model boundary layer height estimated from the model 

potential temperature profile is also 1555 m.  The observed boundary layer height on 28  
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Figure 6.109.  (a) Modeled and (b) observed potential temperature soundings for 1200 UTC (1600 LT) 24 August 2004.  Model sounding from 
initialization time. 
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Figure 6.110.  (a) Modeled and (b) observed potential temperature soundings for 1200 UTC (1600 LT) 15 September 2004.  Model sounding from 
initialization time. 
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September was 2342 m.  Both methods of determining the model boundary layer height 

underpredict the observed boundary layer by 787 m.   

Some of the large overprediction by COAMPS® of the boundary layer height may 

be due to the location of the radiosonde and its nearest model grid point.  Abu Dhabi is 

located on the coast, and therefore affected by maritime conditions.  The location of the 

nearest grid point will greatly affect the verification.  The nearest grid point was located 

on land, like the observation point, but the distance to the coast may be slightly different 

and cause one point to be more or less affected by the maritime air.  Another major factor 

contributing to the forecast error is the method by which the model estimates the 

planetary boundary layer height through the value of Ri.  It might be better to estimate the 

height of the planetary boundary layer using turbulent kinetic energy (TKE) values 

predicted by the model.  A discussion on this method of evaluating model planetary 

boundary layer heights is given in Chapter 7. Another possible factor in the forecast error 

of the boundary layer height is the planetary boundary layer physics used in COAMPS®.   

6.4. Summary 

 A statistical evaluation of COAMPS® was performed for the 1 August to 5 

October 2004 time period.  This time period included the dates of the UAE2 experiment.  

COAMPS® was evaluated using RMS and bias errors.  Model output fields of 2 m air 

temperature, 2 m dewpoint temperature, 10 m wind speed, and 10 m wind direction were 

verified against two datasets, the independent UAE dataset and the ADP dataset which 

was included in the model data assimilation.  Surface visibility was verified against the 

ADP dataset only because no measurements were available in the UAE dataset.  A two 

week time period was investigated in more depth to determine the diurnal variability of  
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Figure 6.111.  (a) Modeled and (b) observed potential temperature soundings for 1200 UTC (1600 LT) 28 September 2004.  Model sounding from 
initialization time. 
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the RMS and bias errors.  RMS and bias errors were also calculated separately for the 

stations of Abu Dhabi, Alkhazna, Alqlaa, Alsad, Alsamha, Dalma, Dhudna, Ghantuat, 

Hamim, Mezaira, Saih Al Salem, and Umm Al Quwain.  These stations were located in 

all three major regions in the UAE:  offshore, onshore, and along the coast.  The 

predicted height of the boundary layer was verified against soundings at Abu Dhabi. 

 Model 2 m air temperatures are cooler at all forecast integration times except in 

the late morning (1000 LT) when there is no bias.  Model 2 m dewpoint temperatures are 

also less except in the afternoon (1600 LT) and night (2200 LT) when they are too warm.  

 The observed wind speeds are under-predicted during the afternoon (1600 LT) 

and night (2200 LT) and over-predicted during the morning (0400 and 1000 LT).  At 

night (2200 LT), the air temperatures are too cool, and the modeled temperature gradient 

between the land and water is too small.  This results in too small of a modeled pressure 

gradient and too light of winds.  Later during the night, at 0400 LT, the model 

temperature over land has continued to cool and is now much cooler than the sea surface 

temperature, resulting in a large temperature difference between the land and the water.  

This causes the larger wind speed bias.  In the late morning (1000 LT), there is no 

temperature bias, so there should also be minimal bias in the modeled horizontal 

temperature gradient between the land and water.  In the afternoon (1600 LT), there is a 

cold temperature bias, resulting in a small temperature difference between the land and 

water.  This causes a smaller modeled pressure gradient and lighter modeled wind speeds, 

as shown in the negative wind speed bias.  The wind direction bias is 10-20° at most 

forecast integration times, with little bias in the afternoon.  Individual stations show a 

wind direction bias of 35-70°, which could lead to incorrect predictions of the timing and 
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development of the sea breeze circulation.  The 3-4 km surface visibility bias indicates 

that COAMPS® is not predicting as much aerosols in the near-surface layer as what are 

actually there.  This may be due to the lighter simulated wind speeds in the afternoon not 

causing enough aerosols to be lifted or remain suspended in the near-surface layer.   

 The diurnal variation in the RMS and bias errors is examined for a two-week 

period.  Both the RMS and bias errors are typically larger during the night and smaller 

during the day.  The air temperature bias when calculated using the UAE dataset, the 

independent dataset, is larger than the bias in the ADP dataset for stronger observed wind 

speeds over the southern Arabian Gulf.  The dewpoint temperature RMS and bias error 

vary diurnally more for the UAE dataset (independent dataset).  Larger surface visibility 

RMS errors occur when the observed wind speed is stronger.  Large wind speed and wind 

direction RMS and bias errors occur for light wind speeds, and COAMPS® predicts the 

wind speeds better when the observed winds are stronger.   

 RMS and bias error values at individual stations are different than the errors 

summed over all the stations.  On the island station used for verification, the temperature 

bias was smaller during the night and the dewpoint temperature bias was positive during 

all forecast integration times, both contrasting to the errors calculated for all the stations.  

COAMPS® predicts the dewpoint temperature better at this offshore location than at 

stations on the coast or inland.  Stations along the coast show similar bias and RMS error 

tendencies as the errors for all the stations.  Inland stations show similar temperature bias 

errors as for all the stations.  The dewpoint temperature and wind speed bias errors vary 

between the inland stations.   
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 A verification of the vertical profiles indicates that COAMPS® performs best in 

the lowest levels for temperature, dewpoint temperature, geopotential height, and wind 

direction.  The RMS and bias errors increase with height.  The model temperature is too 

cool through much of the atmosphere, while the dewpoint temperature is too warm.  The 

warmer dewpoint temperature and colder air temperature means that the dewpoint 

depression is too small and that COAMPS® has too much moisture predicted at all levels.  

The height bias is also too low.  The wind speed RMS error is 2 m s-1 at 1000 hPa, and 

increases with height.  The wind speed bias is about 1 m s-1 too slow through most of the 

atmosphere.  The wind direction RMS error is about 70° at the surface and decreases with 

height to about 60°.  These model forecast errors are well within the bounds of mesoscale 

models and are not anomalously large.   

 The boundary layer height was verified at Abu Dhabi.  On average, the bias in the 

boundary layer height as calculated by Ri was about 500 m too high.  This large bias may 

be due to the method used to calculate the boundary layer height.  The boundary layer 

height is overpredicted on 19 days and underpredicted on eight days.  Estimating the 

boundary layer height from the modeled potential temperature resulted in better estimates 

of the height than the Ri method on two days.  On the other two days investigated, the 

potential temperature method gave the same height as the Ri method on one day, and on 

the other day had a larger error than the Ri method.   
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CHAPTER 7.  CASE STUDIES OF SEA AND LAND BREEZE 

CIRCULATIONS 

A case study was performed for 9-11 September 2004.  A normal development of 

the sea and land breezes occurred on these days.  This case study will help illustrate how 

COAMPS® performs on the simulation of coastal circulations. 

7.1. September 9-11, 2004 

 The 9-11 September 2004 time period was a period of relatively typical summer 

conditions in the Arabian Gulf region.  The synoptic conditions were dominated by the 

southwest Indian monsoon that causes surface low pressure and light northwesterly winds 

over the Arabian Gulf region.  The daily formation of a sea breeze circulation is the main 

mesoscale pattern.  This time period was selected because a well-developed sea breeze 

formed on both 9 and 10 September.  This simulation will show how well COAMPS® 

models the typical summer conditions over the United Arab Emirates.  The observations 

from these days were discussed in Section 4.3.1.  This section will first discuss the 

modeling results, and then compare the model results with the observations. 

 The 48-hour numerical simulation was initialized at 1200 UTC (1600 LT) 9 

September 2004.  The simulation was part of the series of model runs done for the 

statistical evaluation of COAMPS®, which had a cold start on 25 July 2004.  The model 

configuration, grids, and model output variables were given in Chapter 5.  The outer grid 

had a horizontal grid spacing of 81 km, the first nested grid had a grid spacing of 27 km, 

and the inner nested grid had a spacing of 9 km.  The location of the three grids is shown 

in Figures 5.1.  Data assimilation occurred every 12 hours at model times corresponding 

to 0000 UTC (0400 LT) and 1200 UTC (1600 LT).  Model forecasts were obtained every 
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three hours beginning at 1200 UTC (1600 LT).  There were 30 vertical levels, 11 within 

the lowest 2 km as discussed in Section 5.3.2.   

7.1.1. Large Scale Features 

 At the initialization time (1200 UTC) upper-level high pressure is predicted to be 

in place over southern and southwestern Asia (Figure 7.1).  Heights in the ridge at 300 

hPa were 9750 m and at 500 hPa were 5910 m.  An upper-level trough is located over 

western Turkey.  At 850 hPa the modeled Somali Jet is evident over the Northern 

Arabian Sea with wind speeds of 10-20 m s-1.  Model temperatures at 1000 hPa are 35°C 

over much of Saudi Arabia with values of 40°C over Iraq and parts of eastern Saudi 

Arabia.  The model temperature over the Arabian Gulf is about 30°C. 

 By 1800 UTC (2200 LT), the simulated ridge has weakened and shifted east at 

both the 300 hPa and 500 hPa levels.  Temperatures at 1000 hPa have cooled over Iraq 

and Saudi Arabia to 35°C.  At 0000 UTC (0400 LT) on 10 September, the upper-level 

ridge has continued to weaken.  The simulated trough over Turkey has deepened and 

moved to the east.  Southeasterly winds over the northern Arabian Sea are still 10-20 m s-

1 at 850 hPa.  The model temperatures over Saudi Arabia and Iraq have cooled to 30°C at 

1000 hPa. 

The strength of the simulated upper-level ridge changed little from 0000 UTC 

(0400 LT) to 0600 UTC (1000 LT).  The maximum wind speeds (40 m s-1) in the 300 hPa 

jet stream were over eastern Turkey.  The 1000 hPa model temperature had increased 

with daytime heating in southern Iraq to 35°C.  By 1200 UTC (1600 LT) on 10 

September, the upper-level ridge had strengthened.  The right entrance region to the 50 m 

s-1 jet stream is over eastern Turkey and northern Iraq.  Easterly winds are predicted to be 
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Figure 7.1.  (a) 300 hPa wind speed, geopotential height, and wind vectors; (b) 500 hPa temperature, geopotential height, and wind vectors; (c) 850 hPa 
temperature, geopotential height, and wind vectors; and (d) 1000 hPa temperature and wind vectors for 1200 UTC (1600 LT) 9 September 2004.
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in place over the southern Arabian Peninsula including the UAE.  Winds in the Somali 

Jet are 10-15 m s-1.  At the surface (1000 hPa), the temperatures over eastern Saudi 

Arabia and southern Iraq exceed 40°C with 30-35°C temperatures over the UAE.   

At 1800 UTC (2200 LT) 10 September and 0000 UTC (0400 LT) 11 September, 

the modeled upper level ridge decreases in height with the end of daytime heating.  

Temperatures at 1000 hPa cool to 30°C over the Arabian Gulf.  By 0600 UTC (1000 LT) 

1000 hPa model temperature begin to warm with offshore flow over the southeastern 

Arabian Peninsula.  At 1200 UTC (1600 LT) the upper-level ridge increases in height.  

The 1000 hPa temperature warms to 30-40°C over the UAE and Arabian Gulf.   

7.1.2. Surface Features 

The 2 m air temperature (K), 2 m dewpoint depression (K), and 10 m winds       

(m s-1), shown every fourth grid point, were plotted every 3 hours from 1200 UTC (1600 

LT) 9 September to 1200 UTC (1600 LT) 11 September.  During the day, onshore flow is 

modeled along all coasts of the Arabian Gulf (Figure 7.2).  At 1200 UTC (1600 LT) 9 

September, the sea breeze had formed along the northern UAE coastline but had an 

extent of less than 60 km onshore and 60 km offshore, as shown in Figure 7.3.  Along the 

coast of Oman near the southern part of the Al-Hajar Mountains and along the coast of 

Iran, the winds were also predicted to be onshore.  There was a modeled area of 

divergence at 10 m in the northern Arabian Gulf due to onshore winds in Saudi Arabia, 

Kuwait, Iraq, and Iran.  By 1500 UTC (1900 LT), the simulated sea breeze had expanded 

in width onshore to about 120 km and 60 km offshore, as shown in Figure 7.4.  On the 

east coast of the UAE (along the Gulf of Oman coast), offshore downslope winds had 

formed.  At 1800 UTC (2200 LT), the sea breeze extended 120 km onshore, but the  



 341

 

Figure 7.2.  (a) 2 m temperature, 2 m dewpoint depression, and 10 m wind vectors; (b) boundary layer height; (c) 10 m wind vectors and dust 
concentration; (d) surface u-star for 1200 UTC (1600 LT) 9 September 2004. 
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Figure 7.3.  10 m wind vectors (m s-1) at 1200 UTC (1600 LT) 9 September 2004. 
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Figure 7.4.  10 m wind vectors (m s-1) at 1500 UTC (1900 LT) 9 September 2004.
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winds along the coast had turned to become offshore, as shown in Figure 7.5.  The model 

winds over the southern Arabian Gulf from 60-120 km north of the UAE remained 

onshore.  At 2100 UTC (0100 LT), model offshore winds had formed over the UAE and 

the southern Arabian Gulf, as shown in Figure 7.6.  Locations to the north of Abu Dhabi 

were still onshore with wind speeds of about 1-2 m s-1.  The modeled offshore 10 m wind 

speed increases during the night to about 5 m s-1 and the downslope winds increase in 

speed on the east coast of the UAE. 

At 0900 UTC (1300 LT) on 10 September, easterly onshore winds formed along 

the east coast of the UAE, as shown in Figure 7.7.  Offshore winds remained along the 

north coast of the UAE.  Figure 7.8 shows the winds at 1200 UTC (1600 LT) along the 

northern UAE coast had become northerly onshore winds.  At 1500 UTC (1900 LT), the 

sea breeze expanded to a distance of about 65 km offshore and less than 65 km onshore, 

as shown in Figure 7.9.  By 1800 UTC (2200 LT), winds had become offshore over the 

UAE, as shown in Figure 7.10.  As shown in Figure 7.11 for 2100 UTC (0100 LT), 

during the night, winds veer from southeasterly winds at 1800 UTC (2200 LT) to 

southwesterly at 0300 UTC (0700 LT).  The sea breeze redevelops on 11 September at 

1200 UTC (1600 LT) along both the northern and eastern UAE coastlines.   

A sequence of cross-sections of vertical velocity, shaded in m s-1, and potential 

temperature, contoured in degrees Kelvin, were plotted along Line A shown in Figure 

7.12.  The v-component winds, in m s-1, are plotted on the cross-sections as vectors.  

These Y-Z cross sections indicate the wind direction and wind speed along the cross-

section and rising or sinking motion.  These help to identify the horizontal and vertical 

extent of the onshore winds that define the sea breeze circulation.  A cross-section of the  
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Figure 7.5.  10 m wind vectors (m s-1) at 1800 UTC (2200 LT) 9 September 2004. 
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Figure 7.6.  10 m wind vectors (m s-1) at 2100 UTC 9 September (0100 LT 10 September) 2004. 
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Figure 7.7.  10 m wind vectors (m s-1) at 0900 UTC (1300 LT) 10 September 2004. 
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Figure 7.8.  10 m wind vectors (m s-1) at 1200 UTC (1600 LT) 10 September 2004. 
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Figure 7.9.  10 m wind vectors (m s-1) at 1500 UTC (1900 LT) 10 September 2004. 



 350

 

Figure 7.10.  10 m wind vectors (m s-1) at 1800 UTC (2200 LT) 10 September 2004. 
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Figure 7.11.  10 m wind vectors (m s-1) at 2100 UTC 10 September (0100 LT 11 September) 2004. 
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Figure 7.12.  Terrain height for Grid 3.  Line A denotes the location of the cross-section from 25.5°N to 22.0°N along 53.02E. 
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boundary layer height along Line A is plotted separately for 9, 10, and 11 September.  

The coast is located at 24.15°N with water to the north of 24.15°N and land to the south.  

Model potential temperature profiles were plotted along cross-section A every 0.1° 

latitude from 23.6°N to 24.4°N.  These profiles were used to estimate the model 

boundary layer height.  

At the beginning of the simulation at 1200 UTC (1600 LT) 9 September, onshore 

winds extended inland to the southern UAE border (about 23°N), with the highest wind 

speeds at the coast, as shown in Figure 7.13.  Onshore winds extended over the water to 

24.6°N, just north of Dalma.  The simulated sea breeze circulation is about 175 km wide 

with onshore winds to 750 m and the return flow from 750-1600 m.  At 1500 UTC (1900 

LT), the onshore winds extended further inland and offshore, as shown in Figure 7.14.  

The sea breeze circulation at this time has a width of about 300 km, extending 240 km 

onshore and 60 km offshore.  The onshore winds extended to a height of 750 m with 

southerly return flow from 750-1600 m.  As shown in Figure 7.15, the sea breeze had 

ended along the coast, but a circulation remained further inland near 23.3°N at 1800 UTC 

(2200 LT).  A convergence zone existed at this location with maximum vertical velocities 

of 0.18 m s-1 at an altitude of 500 to 750 m.  A divergence zone was located to the north 

of the convergence zone.  By this time a nocturnal boundary layer had formed with a 

height of about 200 m over the land except in the region of convergence and slightly 

higher values (600 m) over the coastal waters.  The formation of a mixed layer can be 

seen north of about 24.8°N as the air becomes modified by the water surface and forms a 

convective layer.    
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Figure 7.13.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 1200 UTC (1600 LT) 9 September 2004 along 
cross-section A. 
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Figure 7.14.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), and V-W wind vectors for 1500 UTC (1900 LT) 9 September 2004 
along 53.02°E longitude along cross-section A. 
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Figure 7.15.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), and V-W wind vectors for 1800 UTC (2200 LT) 9 September 2004 
along 53.02°E longitude along cross-section A. 
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At 2100 UTC 9 September (0100 LT 10 September), winds near the surface were 

southerly offshore winds, as shown in Figure 7.16, indicating the formation of a land 

breeze.  Offshore winds are simulated up to about 1000 m above which large scale 

onshore (northerly) winds persist.  The strongest winds were located in a low level jet at a 

height of about 250 m over the land.  Over the land, the lowest 100 m are stable, with 

potential temperature increasing rapidly with height.  Above the stable layer is a residual 

layer about 1000 m deep.  Over the water the winds were light at 2100 UTC (0100 LT), 

and increased in speed during the night and morning.  A surface based inversion formed 

offshore near the coast with a mixed layer about 200 m deep forming further north over 

water.  Above the surface based inversion is an elevated mixed layer to about 1000 m 

deep. 

Offshore winds indicating a land breeze remained along the northern UAE coast 

at 0900 UTC (1300 LT), as shown in Figure 7.17.  As shown in Figure 7.18, onshore 

winds formed near the coast at 1200 UTC (1600 LT), and a well-mixed layer extended to 

an altitude of about 1600 m over the land.  The onshore winds extended from about 

24.6°N to about 24.2°N, a width of about 45 km.  Maximum upward motion of 0.09 m s-1 

at a height 500 to 1000 m was present at the coast.  At 1500 UTC (1900 LT) the sea 

breeze circulation extended from 24.8°N to 23.9°N, a width of 100 km, as shown in 

Figure 7.19.  Vertical velocities above 0.21 m s-1 (21 cm s-1) are located at the 

convergence zone at 23.9°N.  The onshore winds extended in height to 330-500 m with 

return flow from 500 to 2300 m.      
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Figure 7.16.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 2100 UTC 9 September 2004 (0100 LT 10 
September 2004) along cross-section A.
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Figure 7.17.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 0900 UTC (1300 LT) 10 September 2004 
along cross-section A.
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Figure 7.18.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 1200 UTC (1600 LT) 10 September 2004 
along cross-section A. 
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Figure 7.19.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 1500 UTC (1900 LT) 10 September 2004 
along cross-section A. 
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By 1800 UTC (2200 LT) the sea breeze had ended and southerly offshore winds 

were over the region, as shown in Figure 7.20.  The offshore winds extended to an 

altitude of 2300 m.  By 2100 UTC (0100 LT), there was an area of upward vertical 

velocity over the Arabian Gulf with vertical velocities of 0.09 m s-1 (9 cm s-1), as shown 

in Figure 7.21.  A thermal internal boundary layer formed north of the coast as the air 

was modified by the waters of the Arabian Gulf.  The wind speeds increased during the 

night and the following morning with wind speeds exceeding 10 m s-1 below 500 m by 

0300 UTC (0700 LT) 11 September.   

The convective boundary layer began to form at 0900 UTC (1300 LT) 11 

September with southerly winds.  As shown in Figure 7.22, by 1200 UTC (1600 LT), 

onshore winds were present near the coast from about 24.5°N to 24.2°N, a horizontal 

extent of about 30 km.  They extended to a height of 215 m.  Upward motion was located 

on the inland edge of the sea breeze circulation, with velocities of 0.12 m s-1 (12 cm s-1).  

A return current formed above the sea breeze in the layer from 215 to 2300 m.   

The model potential temperature soundings at 0900 UTC (1300 LT) 10 

September 2004 at nine locations along 53.02°E longitude can be seen in Figure 7.23.  

The soundings are plotted every 0.1° from 0.2° north of the coast (24.2°N) to 0.6° south 

of the coast.  The boundary layer height is estimated from the height of the potential 

temperature inversion.  The boundary layer formed at the coast (24.4°N) and south of the 

coast.  The height of the boundary layer was 1600 m at the locations plotted.  The profiles 

at 23.6°N to 23.8°N show evidence of entrainment occurring in the layer from 750 m to 

1600 m.  Model potential temperature soundings at 1200 UTC (1600 LT) are shown in  
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Figure 7.20.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 1800 UTC (2200 LT) 10 September 2004 
along cross-section A. 
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Figure 7.21.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 2100 UTC 10 September 2004 (0100 LT 
11 September 2004) along cross-section A.
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Figure 7.22.  Vertical velocity (shaded, m s-1), potential temperature (contoured, K), and V-W wind vectors for 1200 UTC (1600 LT) 11 September 2004 
along cross-section A. 
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Figure 7.23.  0900 UTC (1300 LT) 10 September 2004 modeled potential temperature soundings along cross-section A, every 0.1° latitude from 23.6°N 
to 24.4°N. 
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Figure 7.24.  South of the coast, from 24.1°N to 23.6°N, a convective boundary layer has 

formed to a height of 1600 m.  A surface based inversion is present at the coast and in the 

two soundings north of the coast (24.3°N and 24.4°N).  Model potential temperature 

profiles at 1500 UTC (1900 LT), shown in Figure 7.25, indicate a boundary layer height 

of 1600-2300 m over the land, but a shallow boundary layer of only a couple hundred 

meters inland near the coast.  Model potential temperature soundings along 53.02°E at 

1800 UTC (2200 LT) are shown in Figure 7.26.  The modeled planetary boundary layer 

height at most locations had decreased to 100-200 m.   

Figure 7.27 summarizes the modeled planetary boundary layer height for 1200 

UTC (1600 LT) 9 September 2004 to 0000 UTC (0400 LT) 10 September.  The planetary 

boundary layer is determined in COAMPS® as the lowest level where the Richardson 

number (Ri) exceeds 0.5, as discussed in Section 5.1.7.  The maximum planetary 

boundary layer height on 9 September was modeled at 1200 UTC (1600 LT) with a 

height of 1200-1500 m over the land (Figure 7.27).  The simulated marine boundary layer 

at this time was 100-200 m in height.  The boundary layer height over the land at 1500 

UTC (1900 LT) had decreased at most locations.  By 1800 UTC (2200 LT), the model 

boundary layer height over the land was about 100 m, with heights of about 150 m over 

the water.   

Figure 7.28 shows the model predicted boundary layer height using the Ri method 

and the model boundary layer height as estimated from the model potential temperature 

soundings every three hours from 0300 UTC (0700 LT) 10 September to 0000 (0400 LT) 

11 September, and the observed boundary layer height at Abu Dhabi at 1200 UTC (1600  



 368

 
Figure 7.24.  1200 UTC (1600 LT) 10 September 2004 model potential temperature soundings along cross-section A, every 0.1° latitude from 23.6°N to 
24.4°N. 
 



 369

 
Figure 7.25.  1500 UTC (1900 LT) 10 September 2004 model potential temperature soundings along cross-section A, every 0.1° latitude from 23.6°N to 
24.4°N. 
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Figure 7.26.  1800 UTC (2200 LT) 10 September 2004 model potential temperature soundings along cross-section A, every 0.1° latitude from 23.6°N to 
24.4°N. 
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Figure 7.27.  Boundary layer height (in meters) at 1200, 1500, 1800, 2100 UTC 9 September and 0000 UTC 10 September 2004 along cross-section A. 
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LT) 10 September.  The boundary layer height is estimated from the potential 

temperature soundings shown in Figure 7.23 to 7.25.  The convective boundary layer 

begins to form over the land at 0600 UTC (1000 LT) on 10 September.  At 0900 UTC 10 

September, the planetary boundary layer had grown to a height of 1100 m in northern 

UAE and 700 m in southern UAE.  At 1200 UTC 10 September, boundary layer heights 

are about 150 m over the water and 1600 m over the land (Figure 7.9).  At 0900 UTC 

(1300 LT) and 1200 UTC (1600 LT), both methods of determining the boundary layer 

height give similar results at the nine locations investigated. At 1500 UTC (1900 LT), the 

locations near the coast have similar boundary layer heights as predicted by the two 

methods.  At 23.9°N (inland), the model potential temperature sounding suggests a 

boundary layer height of 2300 m, while the Ri method predicts a boundary layer height of 

600 m.  At the three locations further inland, the Ri method also predicted a lower 

boundary layer height than the height of the potential temperature inversion by 600-1400 

m.  The model boundary layer decreases in height starting at 1500 UTC (1900 LT), and 

by 1800 UTC (2200 LT), a nocturnal boundary layer had formed with heights of about 

150 m.   

Figure 7.29 shows the boundary layer beginning to form at 0900 UTC (1300 LT) 

11 September.  The convective boundary layer on 11 September had grown to a height of 

1900 m by 1200 UTC (1600 LT).   

In summary, from 9-11 September, COAMPS® models the sea breeze circulation 

to form near the coast at about 1200 UTC (1600 LT) and to grow in horizontal extent 

both onshore and offshore during the remainder of the afternoon.  On 9 September the sea 

breeze had a width of about 300 m.  It extended onshore 240 km and offshore 60 km.  On 
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Figure 7.28.  Boundary layer height (in meters) at 0300, 0600, 0900, 1200, 1500, 1800, and 2100 UTC 
10 September and 0000 UTC 11 September 2004 along cross-section A.  Boundary layer heights as 
determined by the model potential temperature soundings are shown. 
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Figure 7.29.  Boundary layer height (in meters) at 0300, 0600, 0900, and 1200 11 September 2004 along cross-section A. 
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10 September the sea breeze had a width of 100 km, extending from 65 km offshore to 35 

km onshore.  The vertical extent of the sea breeze varied on the three days from 215-750 

m with a return offshore flow at least three times as deep as the onshore sea breeze.  The 

maximum vertical velocity was 0.21 m s-1 on 10 September, located at the inland edge of 

the sea breeze.  The planetary boundary layer height predicted by the Ri method reached 

a maximum height of 1600 m at 1200 UTC (1600 LT) on 9 and 10 September.  The 

maximum boundary layer height as determined by the height of the model potential 

temperature sounding was 2300 m at 1500 UTC (1900 LT). 

 The model land and water temperature for 9-11 September 2004 is shown in 

Figure 7.30.  The model land temperature is at a location 130 km inland, and the water 

temperature is taken 85 km offshore.  The time the modeled sea breeze and land breeze 

begins on each day is also noted on the figure.  During the daytime, the model land 

temperature is 14°C warmer then the water temperature.  During the night, the model 

land temperature is 9°C cooler than the water temperature.  The model land breeze begins 

when the model land temperature is 4-7°C cooler than the water temperature.  The model 

sea breeze begins when the model land temperature is 14°C warmer than the model water 

temperature.  The model ground temperature and sea surface temperature are shown in 

Figure 7.31 for 0000 UTC (0400 LT) 10 September and 1200 UTC (1600 LT) 10 

September 2004.  The cooler temperatures in the Gulf of Oman (24°C-30°C) as 

compared to the Arabian Gulf (30°C-33°C) can be seen.  The sea surface temperature 

remains does not change from day to night, while the ground temperature, particularly in 

western UAE varies from 27°C at night to 48°C during the day.     
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Figure 7.30.  Model water temperature (green) and model land temperature (black) for 9-11 September 2004.  The beginning time of the model sea 
breeze and land breeze is noted on the figure. 
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Figure 7.31.  Ground temperature (°C) and sea surface temperature (°C) for (a) 0000 UTC (0400 LT) 10 September and (b) 1200 UTC (1600 LT) 10 
September 2004. 
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7.1.3. Model Comparison with Observations 

   The upper-level ridge was modeled slightly stronger at 500 hPa.  The observed 

decrease in the height of the ridge was simulated by the model.  The observed sea breeze 

had already formed on 9 September 2004 at the 0-hour forecast time (Figure 4.37).  The 

maximum width of the sea breeze circulation, as discussed in Section 4.2.4.1, was 

estimated to be at least 245 km, based on the location of the Department of Water 

Resources Studies (DWRS) stations.  The vertical cross-sections show the modeled sea 

breeze to have a width of 300 km.  COAMPS® showed the sea breeze to extend south 

over land to 22°N.  This location cannot be verified with observations because the most 

southerly station is at 22.9°N, however the observations did show the sea breeze to reach 

this station, so it is possible that sea breeze extended further south. From the 1200 UTC 

(1600 LT) Abu Dhabi sounding, the vertical extent of the onshore winds was 1646 m 

(Figure 4.39).  COAMPS® shows the onshore winds to extend to a height of 750 m along 

the cross-section.  The radiosonde at Abu Dhabi took measurements at 518, 729, 875, 

1133, 1479 m in addition to 1646 m.  Therefore the resolution of the sounding is not an 

issue at this time.  The underprediction of the vertical extent of the sea breeze could be 

due to the low wind speeds at these levels making the wind direction prediction more 

difficult.  The observed sea breeze ended at the coast earliest, at 1900 UTC (2300 LT).   

On 10 September the onshore sea breeze winds were first noted at the coast at 

0900 UTC (1300 LT; Figure 4.37).  The maximum width of the sea breeze circulation 

was estimated to be 190 to 245 km.  COAMPS® indicated a maximum width of the sea 

breeze to only be 100 km.  The vertical extent of the observed onshore winds at 1200 

UTC (1600 LT) was 3314 m (Figure 4.40).  COAMPS® onshore winds only extended to 
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215 m with return offshore flow from 215 m to 2300 m.  The radiosonde sounding from 

1200 UTC (1600 LT) 10 September has fewer measurements in the lower levels, with no 

measurements from 82 to 725 m, and from 851 to 1447 m.  Since there are no wind 

direction measurements taken near the 215 m level, it cannot be determined if there were 

offshore winds in this area.  Table 7.1 summarizes the model and observed extent of the 

sea breeze circulation and boundary layer height for the 9-11 September 2004 time 

period.  COAMPS® simulates the sea breeze circulation better on 9 September, at early 

forecast integration times.  For the later forecast integration times, valid on 10 and 11 

September, COAMPS® does not capture the timing or extent of the sea breeze well. 

Time series of the modeled and observed 2 m temperature is shown in Figure 

7.32a for Dalma, Figure 7.32b for Abu Dhabi, and Figure 7.32c for Hamim.  The 

observations are shown in black and the model values are shown in red.  At Dalma, the 

model 2 m air temperature does not show the diurnal variation that is seen in the 

observations.  The model temperature is similar to the observed temperature at Abu 

Dhabi and the diurnal change in temperature is modeled well.  At Hamim, the model 

temperature is similar to the observed temperature, but slightly cooler at forecast 

integration times except for forecasts valid at 0300 LT (15-hr and 39-hr integration 

times). 

Time series of the modeled and observed 2 m dewpoint temperature is shown in 

Figure 7.33a for Dalma, Figure 7.33b for Abu Dhabi, and Figure 7.33c for Hamim.  The 

observations are shown in black and the model values are shown in red.  The model 

dewpoint temperature is similar to the observed dewpoint temperature at Dalma except 

for the later forecast integration times when the model predicts decreased dewpoint 



 380

Table 7.1.  Summary of onshore and offshore extent of the sea breeze, vertical extent of the sea breeze, and planetary boundary layer height for 9-11 
September 2004. 
Day & Time Sea Breeze Horizontal 

Extent Onshore (along A) 
Sea Breeze Horizontal 
Extent Offshore (along A) 

Sea Breeze Vertical 
Extent (at Abu Dhabi) 

Planetary Boundary Layer 
Height (at Abu Dhabi) 

 Observations Model Observations Model Observations Model Observations Model 
9 Sep 12 UTC Coast 130 km Coast 45 km 1600 m 750 m 1100 m 53 m 
9 Sep 15 UTC 130 km 240 km 85 km 60 km  750 m  123 m 
9 Sep 18 UTC 0 25 km wide* 115 km* 0  0  133 m 
9 Sep 21 UTC 0 0 115 km* 0  0  109 m 
10 Sep 0 UTC 0 0 0 0  0  58 m 
10 Sep 3 UTC 0 0 0 0  0  147 m 
10 Sep 6 UTC 0 0 0 0  0  212 m 
10 Sep 9 UTC 80 km 0 Coast 0  0  136 m 
10 Sep 12 UTC 130 km 0 15 km 45 km 1678 m 215 m 1478 m 54 m 
10 Sep 15 UTC 80 km 35 km 115 km 65 km  500 m  86 m 
10 Sep 18 UTC 130 km 0 115 km 0  0  85 m 
10 Sep 21 UTC 0 0 115 km* 0  0  55 m 
11 Sep 00 UTC 0 0 0 0  0  98 m 
11 Sep 03 UTC 0 0 0 0  0  149 m 
11 Sep 06 UTC 0 0 0 0  0  250 m 
11 Sep 09 UTC Coast 0 15 km 0  0  127 m 
11 Sep 12 UTC 130 km 0 15 km 35 km 714 m 500 m 1615 m 74 m 
* = onshore winds had ended at the coast 
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Figure 7.32.  2 m modeled and 10 m observed air temperature at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 1200 UTC (1600 LT) 9 September to 
1200 UTC (1600 LT) 11 September 2004.  The x-axis gives the forecast integration time in hours. 
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Figure 7.33.  2 m modeled and 10 m observed dewpoint temperature at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 1200 UTC (1600 LT) 9 September 
to 1200 UTC (1600 LT) 11 September 2004.  The x-axis gives the forecast integration time in hours. 
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temperatures.  The model dewpoint temperature at Abu Dhabi is similar to the observed 

dewpoint temperature, with the exception of increasing and decreasing the dewpoint 

temperature earlier than the observations.  The dewpoint temperature at Dalma is 

modeled well in the later forecast integration times, but is too dry in the early forecast 

hours. 

Time series of the modeled and observed 10 m wind speed is shown in Figure 

7.34a for Dalma, Figure 7.34b for Abu Dhabi, and Figure 7.34c for Hamim.  The model 

wind speed at Dalma during this simulation is typically faster than the observed wind 

speed.  The model wind speed predicted wind speeds at Abu Dhabi are also typically 

higher than the observed values, especially at the forecasts valid during the night (15-hr 

and 39-hr forecast integration times).  At Hamim, the model wind speed is simulated 

faster than the observed wind speed during the night. 
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Figure 7.34.  10 m modeled and observed wind speeds at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 1200 UTC (1600 LT) 9 September to 1200 UTC 
(1600 LT) 11 September 2004.  The x-axis gives the forecast integration time in hours. 
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 A case study was performed for 28-30 September 2004.  This time period is after 

the termination of the southwest monsoon.  A sea breeze did not form on 28 September, 

but did form on 29 September.  This case study will help illustrate how COAMPS® 

performs in non-monsoon conditions. 

7.2. September 28-30, 2004 

 The 28-30 September 2004 case study occurred after the cessation of the 

southwest Indian monsoon.  A tropical depression formed on the west coast of India 

between 22 and 23 September and moved west across the northern Arabian Sea and 

reached Oman on 26 September.  Strong northerly winds persisted all day over the 

southern Arabian Gulf and the UAE on 28 September.  A land breeze formed on the night 

of 28-29 September, and a sea breeze formed on 29 September.  This time period was 

chosen to determine how well COAMPS® performs in another synoptic setting.  

Moreover, aircraft data are available during these days.  The observations from these 

days were discussed in Section 4.3.2.  In this section the modeling results will be 

presented, and then a comparison of the model results with observations will be provided. 

 The 48-hour numerical simulation was initialized at 0000 UTC (0400 LT) 28 

September 2004.  The simulation began with a cold start on 22 September 2004.  The 

model configuration, grids, and model output variables were given in Chapter 5 and are 

identical to those used in the study of 9-11 September 2004.  The only exception is the 

addition of three output variables in this case study:  turbulent kinetic energy (TKE), the 

eddy coefficient of heat, and the eddy coefficient of momentum.  Data assimilation 

occurred every 12 hours at 0000 UTC (0400 LT) and 1200 UTC (1600 LT).  Model 
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output was obtained every 3 hours beginning at 0000 UTC (0400 LT) 28 September 

2004.   

7.2.1. Large Scale Features 

 At 0000 UTC on 28 September 2004, a modeled upper-level ridge at 300 hPa and 

500 hPa was aligned from the southwest to the northeast from Egypt to the Syrian/Iraqi 

border.  A modeled upper level trough was over Afghanistan, Iran and southeastern 

Arabian Gulf.  At 850 hPa, model easterly winds were over the Arabian Sea.  South of 

about 14°N, the model winds over the Indian Ocean were westerly.  The winds were 

northeasterly over the Arabian Sea and westerly over the Indian Ocean south of 14°N. 

 The modeled upper-level trough at 300 hPa retains its initial strength until 2100 

UTC 28 September (0100 LT 29 September) when it deepens and moves further south 

until 0300 UTC (0700 LT) 29 September.  The trough axis does not move noticeably 

during the simulation.  The trough axis at 500 hPa is to the east of the 300 hPa trough.  

The upper-level ridge likewise does not vary throughout the simulation.  The easterly 

winds at 850 hPa become northeasterly by the end of the simulation.  A cyclonic 

circulation with wind speeds of higher than 10 m s-1 forms around the low pressure 

system at the southern tip of India between about 1800 UTC (2200 LT) 28 September 

and 2100 UTC 28 September (0100 LT 29 September).  This circulation moves to the 

west along about 12°N latitude.  It becomes a well-defined circulation by the end of the 

simulation at 0000 UTC (0400 LT) 30 September.   
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7.2.2. Surface Features 

 The model ground temperature and sea surface temperature are shown in Figure 

7.34 for 1200 UTC (1600 LT) 28 September 2004 and 0000 UTC (0400 LT) on 29 

September 2004.  The model sea surface temperature does not vary diurnally in the 

Arabian Gulf and in the Gulf of Oman.  The ground temperature varies from 43.5°C to 

48°C during the day to 21°C at night, as shown in Figure 7.35.  The simulated ground 

temperature 130 km inland is compared with the simulated sea surface temperatures in 

the center of the Arabian Gulf and in the center of the Gulf of Oman in Figure 7.36.  The 

sea surface temperature in the Arabian Gulf is 32°C.  The sea surface temperature in the 

Gulf of Oman is 29.5°C.  Also included in Figure 7.36 is the time the model sea breeze 

begins and ends on the Arabian Gulf coast.  The sea breeze begins on the Gulf of Oman 

coast earlier each day, due to the cooler sea surface temperature in the Gulf of Oman.  

The ground temperature inland varies from 24°C at night to 47°C during the day.   

At 0000 UTC (0400 LT) 28 September, onshore winds were modeled along the 

northwestern coast of the UAE, and winds were parallel to the coast further east near Abu 

Dhabi, as shown in Figure 7.37.  Along the Oman coast, the model winds were offshore.  

By 0300 UTC (0700 LT) 28 September, the model land breeze had begun on all coasts 

surrounding the Arabian Gulf.  This can be noted also along the east coast of Qatar.  The 

offshore wind speeds increase over the water, due to smaller surface roughness.  The 

modeled wind speed also increases to the west of the Al-Hajar Mountains in Oman and 

the UAE.  The model offshore winds increase in speed to about 10 m s-1 by 0600 UTC 

(1000 LT) 28 September, as shown in Figure 7.38.  A sea breeze forms along the eastern 

UAE and Oman coasts.  The land-sea temperature difference between the Gulf of Oman  
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Figure 7.35.   Ground temperature (°C) and sea surface temperature (°C) for (a) 1200 UTC (1600 LT) 28 September 2004 and (b) 0000 UTC (0400 LT) 
29 September 2004. 
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Figure 7.36.  Model land temperature and sea surface temperature for the Arabian Gulf and the Gulf of Oman for the 28-30 September 2004 numerical 
simulation. 
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Figure 7.37.  10 m wind vectors (m s-1) at 0000 UTC (0400 LT) 28 September 2004. 
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and the land on the Gulf of Oman coast is 5°C at this time.  The ground temperature over 

the interior of the UAE at 0600 UTC (1000 LT) is cooler than near the Gulf of Oman 

coast.  The land-sea temperature difference on the Arabian Gulf coast is less than 1°C at 

this time, as shown in Figure 7.36.  A strong convergence zone is present along the coast 

of Iran west of the Strait of Hormuz where the southerly winds over the Arabian Gulf 

become coast parallel at the Iran coast.  At 0900 UTC (1300 LT), the model wind speeds 

along the UAE coast slowed and the winds turned parallel to the coast.  On the eastern 

UAE and Oman coast, a sea breeze had increased in width onshore.  A sea breeze had 

also formed along most of the length of the Iranian coast.   

 As shown in Figure 7.39, a sea breeze had formed by 1200 UTC (1600 LT) 28 

September on all coastlines of the Arabian Gulf.  A more prominent sea breeze was also 

evident along the Qatar coasts at 1200 UTC than at 0900 UTC.  A convergence zone was 

located at the center of the peninsula, due to the opposing sea breezes that formed on the 

western and eastern coastlines.  The predicted sea breeze along the Oman coast had 

moved about 100 km inland.  The model wind speeds along the UAE coastline were 

about 6 m s-1.  A convergence zone was located in the UAE 22 km inland.  By 1500 UTC 

(1900 LT), the modeled sea breeze along the UAE strengthens and extends further inland 

and offshore as compared to 1200 UTC (1600 LT), as shown in Figure 7.40.  The 

offshore extent was about 233 km and the inland extent 78 km.  At 1800 LT (2200 UTC), 

onshore winds were predicted to continue along the UAE coast, as shown in Figure 7.41.  

Offshore winds were modeled along the Oman, Iran, Iraq, and Kuwait coastlines.  The 

land-ocean temperature difference at this time was 4°C, as shown in Figure 7.36.   
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Figure 7.38.  10 m wind vectors (m s-1) at 0600 UTC (1000 LT) 28 September 2004. 
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Figure 7.39.  10 m wind vectors (m s-1) at 1200 UTC (1600 LT) 28 September 2004. 
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Figure 7.40.  10 m wind vectors (m s-1) at 1500 UTC (1900 LT) 28 September 2004. 
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Figure 7.41.  10 m wind vectors (m s-1) at 1800 UTC (2200 LT) 28 September 2004. 
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By 2100 UTC 28 September (0100 LT 29 September), a land breeze was 

simulated over the Iranian coast; however, the modeled winds were coast-parallel along 

the UAE.  In northern UAE, offshore winds had formed, possibly aided by the katabatic 

winds.  As shown in Figure 7.42, a land breeze formed along the UAE coast at 0000 UTC 

(0400 LT) 29 September.  The modeled wind speeds accelerated offshore.  The land 

breeze continued over the coastal UAE through 0600 UTC (1000 LT), while a sea breeze 

had formed over Iran in the Strait of Hormuz and the Gulf of Oman regions. 

 At 0900 UTC (1300 LT) 29 September, a sea breeze had formed on the Oman 

coast and moved about 75 km inland.  The offshore winds in northern UAE had slowed 

since 0600 UTC and onshore winds formed in western UAE at the coast.  By 1200 UTC 

(1600 LT), a well-developed sea breeze was modeled over the UAE and Iranian coasts, as 

shown in Figure 7.43.  Observations suggest the sea breeze began at the coast at 1100 

UTC (1500 LT).  The modeled sea breeze on the northern UAE coast extended 178 km 

offshore and 33 km inland, slightly further inland in western UAE.  The sea breeze in 

Iran extended about 50 km offshore and about 50 km inland.  In addition, a sea breeze 

formed on the southeastern Oman coast along the Arabian Sea.  As shown in Figure 7.44, 

the strength of the modeled sea breeze over the UAE had increased by 1500 UTC (1900 

LT) and extended further inland, to about 100 km.  The winds offshore near the coast of 

Iran had turned to become parallel to the coast.  Onshore winds continued at 1800 UTC 

(2200 LT) along the UAE coast.  Offshore winds had begun to form by this time over the 

Iranian coast.  The model synoptic winds at this time over the Arabian Gulf were 

northwesterly to northerly. 
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Figure 7.42.  10 m wind vectors (m s-1) at 0000 UTC (0400 LT) 29 September 2004. 
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Figure 7.43.  10 m wind vectors (m s-1) at 1200 UTC (1600 LT) 29 September 2004. 
 



 399

 

Figure 7.44.  10 m wind vectors (m s-1) at 1500 UTC (1900 LT) 29 September 2004. 
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 At 2100 UTC 29 September (0100 LT 30 September), the model winds at the 

UAE coast had become coast-parallel, but no land breeze had yet formed.  A land breeze 

had developed in Iran and was augmented by the katabatic winds down the mountains.  

The model synoptic winds at this time were northerly.  By 0000 UTC (0400 LT) 30 

September, a weak land breeze formed on the UAE coast, as shown in Figure 7.45.  The 

model wind speeds in the land breeze in Iran had increased by this time.   

 Several cross-sections of vertical velocity were plotted for this case study, similar 

to the first case study.  The cross-sections are along Line B, which includes cross-section 

Line A, but also extends northward to the Iran coast at 28°N.  The location of cross 

section B is shown in Figure 7.46.  The Iran coastline is at 27°N, the UAE coastline is at 

24.2°N, with the Arabian Gulf between 24.2° and 27°N.  Boundary layer height and TKE 

are also plotted along this cross-section. 

 At the beginning of the simulation at 0000 UTC (0400 LT) 28 September, the 

model winds over the Arabian Gulf from 26.6°N to the UAE coastline (24.2°N) are 

onshore, as shown in Figure 7.47.  The onshore winds extended in altitude to 2300 m.  By 

0300 UTC (0700 LT), there were modeled northerly onshore winds over the Arabian 

Gulf near 25°N, but at the UAE coastline a land breeze had formed and extended 33 km 

offshore, as shown in Figure 7.48.    The offshore winds over the UAE extended to an 

altitude of about 750 m.   Inland of the UAE coast was an area of modeled upward 

motion, from about 500 m to 4500 m, with a maximum vertical velocity value of 0.18 m 

s-1 (18 cm s-1).  The upward motion coincides with the convergence zone of southerly 

winds over the UAE and northerly winds over the Arabian Gulf.  By 0600 UTC (1000 

LT), the modeled land breeze increased in both offshore extent and in wind  
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Figure 7.45.  10 m wind vectors (m s-1) at 0000 UTC (0400 LT) 30 September 2004. 
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Figure 7.46.  Terrain height for Grid 3.  Line B denotes the location of the cross-section from 25.5°N 
to 22.0°N along 53.02°E.
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Figure 7.47.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 0000 UTC (0400 LT) 28 September 2004 
along cross-section B. 
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Figure 7.48.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 0300 UTC (0700 LT) 28 September 2004 
along cross-section B. 



 405

speed.  The southerly winds were present over the UAE, Arabian Gulf and in southern 

Iran.  Over Iran, a well-mixed layer began to form inland of the coastline.   

 At 0900 UTC (1300 LT) on 28 September 2004, a sea breeze front is present over 

Iran from 27.2° to 27.4°N, indicated by larger upward vertical velocity values of 0.105 m 

s-1 (10.5 cm s-1), as shown in Figure 7.49.  The sea breeze had not moved inland over the 

UAE at this time, but it was present near the surface from the coast to 22 km offshore.  A 

well-mixed layer had formed over both the UAE and Iran, to an altitude of 1100 m in 

both locations.  The marine boundary layer was well mixed to a height of 500 m.  As 

shown in Figure 7.50, the vertical velocity associated with the sea breeze front in Iran 

increased to 0.18 m s-1 (18 cm s-1) by 1200 UTC (1600 LT).  The sea breeze over the 

UAE also increased in intensity and a convergence zone developed where the leading 

edge of the sea breeze encountered slower winds speeds.  The sea breeze had penetrated 

22 km inland and extended 155 km offshore by this time.  The onshore winds extended to 

an altitude of 300 m, with the return current, noted by the offshore winds, extending to a 

height of 500 m.  The sea breeze over the UAE continued to expand at 1500 UTC (1900 

LT) with the maximum modeled convergence at about 23.5°N, or about 78 km inland, as 

shown in Figure 7.51.  Onshore winds were present to 766 km inland and 233 km 

offshore.  The well-mixed layer over the UAE now reached a height of 2500-3000 m.  At 

1800 UTC (2200 LT), onshore winds continued over the UAE, extending inland 189 km, 

and offshore 333 km.  Onshore winds were also present over Iran, and can be noted in the 

wind shift below 300 m near 27°N.  Stable near-surface layers were present over both the 

UAE and Iran.  Onshore winds continued over the UAE at 2100 UTC 28 September 
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Figure 7.49.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 0900 UTC (1300 LT) 28 September 2004 
along cross-section B. 
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Figure 7.50.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 1200 UTC (1600 LT) 28 September 2004 
along cross-section B. 
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Figure 7.51.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 1500 UTC (1900 LT) 28 September 2004 
along cross-section B. 
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(0100 LT 29 September), as the stable surface layer was modeled to extend further inland 

at this time than at the previous forecast time.  A land breeze had formed over Iran.   

 As shown in Figure 7.52, a land breeze was simulated to form over the UAE at 

0000 UTC (0400 LT) 29 September.  The highest winds speeds were located at a height 

of 300-500 m near the southern extent of this cross section.  The land breeze over the 

UAE extended over the Arabian Gulf for 67 km.  The northerly winds of the land breeze 

over Iran were not predicted to extend over the Arabian Gulf.  At 0300 UTC (0700 LT), 

the land breeze was predicted to continue over the UAE.  The UAE land breeze extended 

to the Iranian coastline.  Over the Arabian Gulf, the convective boundary layer was still 

present to a height of 300 m.  The land breeze continued over the UAE at 0600 UTC 

(1000 LT) 29 September.   

 At 0900 UTC (1300 LT), a sea breeze was modeled to develop on both the UAE 

and Iran coasts, as shown in Figure 7.53.  The sea breeze on the Iranian coast had 

developed a sea breeze front with vertical velocities of 0.21 m s-1 (21 cm s-1).  The 

highest wind speeds in the Iran sea breeze were located at and just inland of the coast.  

The modeled UAE sea breeze had this time was not as intense, but was predicted to 

extend 22 km onshore and 33 km offshore.  The highest winds speeds in this sea breeze 

were also located at the coast.  At 1200 UTC (1600 LT), onshore winds over the UAE 

were predicted to have penetrated 777 km inland and 178 km offshore, as shown in 

Figure 7.54.  The maximum convergence due to the sea breeze was located 23.9°N, 33 

km inland.  The onshore component of the sea breeze circulation reached an altitude of 

500 m with a return flow from 750 m to 1100 m.  A region of stronger upward motion 

remained near the Iran coast.  The boundary between the UAE and Iran sea breezes was
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Figure 7.52.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 0000 UTC (0400 LT) 29 September 2004 
along cross-section B. 
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Figure 7.53.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 0900 UTC (1300 LT) 29 September 2004 
along cross-section B. 
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Figure 7.54.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 1200 UTC (1600 LT) 29 September 2004 
along cross-section B. 
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in the middle of the Arabian Gulf, between 25.8° and 25.9°N.  At 1500 UTC (1900 LT) 

29 September, the sea breeze over the UAE extended 78 km inland and 233 km offshore, 

with onshore winds extending to a height of 500 m and a return current from 750-1100 

m, as shown in Figure 7.55.  At this time, the maximum convergence occurred in the 

UAE sea breeze with vertical velocity values of 0.18 m s-1 (18 cm s-1).  The well-mixed 

layer over the UAE at this time was about 3000 m deep.  The winds accelerated near the 

coast.  The boundary between the UAE and Iran sea breezes had shifted northward to 

between 26.3° and 26.4°N.  Onshore winds continued over the UAE at 1800 UTC (2200 

LT) (not shown).  The maximum convergence was located at about 23°N, with a vertical 

velocity of 0.18 m s-1 (18 cm s-1).  The near surface layer over the UAE had become 

stable.  At the Iranian coast, a land breeze had formed. 

 At 2100 UTC 29 September (0100 LT 30 September), model onshore winds 

continued over the UAE and extended 11 km inland and 289 km offshore (not shown).  

The onshore winds were present to 750 m with return offshore flow from 1100 to 3100 

m.  The maximum convergence was located near 22°N.  The wind speeds in the land 

breeze over Iran increased.  By 0000 UTC (0400 LT) 30 September, a land breeze had 

developed near the UAE coast (not shown).     

The model potential temperature soundings on 28 September 2004 at nine 

locations along 53.02°E longitude are plotted every 0.1° from 24.4°N to 23.6°N.  The 

boundary layer height is estimated from the height of the potential temperature inversion.  

Figure 7.56 includes the model potential temperature soundings for 0900 UTC (1300 LT) 

28 September.  The model potential temperature soundings over the water indicate a 

marine boundary layer 215 m deep.  At the coast, the boundary layer is 215 m deep,  
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Figure 7.55.  Vertical velocity (m s-1, shaded), potential temperature (K, contoured), V-W wind vectors for 1500 UTC (1900 LT) 29 September 2004 
along cross-section B. 
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with entrainment in the layer from 215 m to 750 m.  Over the land, the boundary layer is 

750 m deep.  In all soundings, the trade wind inversion is present above 3900 m.  The 

model potential temperature soundings at 1200 UTC (1600 LT) 28 September 2004 can 

be seen in Figure 7.57.  The marine boundary layer remains 215 m deep.  The model 

potential temperature soundings at 11 and 22 km inland indicate that the boundary layer 

height decreased to 215 to 500 m from 750 m at the previous forecast time.  Further 

inland, the potential temperature indicates the boundary layer grew to a depth of 1600 m.  

The model potential temperature soundings at 1500 UTC (1900 LT) 28 September 2004 

can be seen in Figure 7.58.  At 1500 UTC (1900 LT), the marine boundary layer is 

estimated to have grown to a depth of 330 m.  Over the land the potential temperature 

profiles indicate a boundary layer height of 215-330 m.   

Cross-sections of TKE were plotted along the same cross section as the vertical 

velocity plots discussed previously.  As shown in Figure 7.59, the highest TKE values 

(0.4 m2 s-2) during the night at 0000 UTC (0400 LT) 28 September occur over the water.  

Beginning at 0600 UTC (1000 LT), as shown in Figure 7.60, the TKE over the land 

increases due to the daytime heating and vertical mixing.  At 0900 UTC (1300 LT), TKE 

values over the UAE were 1.8 m2 s-2, and 2.4 m2 s-2 over Iran.  As shown in Figure 7.61, 

TKE over the UAE increased to 2.4-2.7 m2 s-2 and to 3.3 m2 s-2 over Iran by 1200 UTC 

(1600 LT).  After sunset around 1500 UTC (1900 LT), TKE values over the land had 

decreased to 0.45 m2 s-2 (Figure 7.62).  Values of TKE continue to decrease during the 

night over land, while remain around 0.3 to 0.4 m2 s-2 over the water, as shown in Figure 

7.63 for 1800 UTC (2200 LT) 28 September.  Similar increases of TKE values occur 

over the UAE and Iran on 29 September 2004.   
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Figure 7.56.  0900 UTC (1300 LT) 28 September 2004 modeled potential temperature soundings along cross-section B, every 0.1° latitude from 23.6°N 
to 24.4°N. 
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Figure 7.57.  1200 UTC (1600 LT) 28 September 2004 modeled potential temperature soundings along cross-section B, every 0.1° latitude from 23.6°N 
to 24.4°N. 
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Figure 7.58.  1500 UTC (1900 LT) 28 September 2004 modeled potential temperature soundings along cross-section B, every 0.1° latitude from 23.6°N 
to 24.4°N. 
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Figure 7.59.  Turbulent kinetic energy (m2 s-2, shaded) and potential temperature (K, contoured) for 0000 UTC (0400 LT) 28 September 2004 along 
cross-section B. 
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Figure 7.60.  Turbulent kinetic energy (m2 s-2, shaded) and potential temperature (K, contoured) for 0600 UTC (1000 LT) 28 September 2004 along 
cross-section B. 
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Figure 7.61.  Turbulent kinetic energy (m2 s-2, shaded) and potential temperature (K, contoured) for 1200 UTC (1600 LT) 28 September 2004 along 
cross-section B. 
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Figure 7.62.  Turbulent kinetic energy (m2 s-2, shaded) and potential temperature (K, contoured) for 1500 UTC (1900 LT) 28 September 2004 along 
cross-section B. 
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Figure 7.63.  Turbulent kinetic energy (m2 s-2, shaded) and potential temperature (K, contoured) for 1800 UTC (2200 LT) 28 September 2004 along 
cross-section B. 
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The model predicted boundary layer heights along cross-section B for 28 

September 2004 are summarized in Figure 7.64.  COAMPS® estimates the boundary 

layer height from the lowest level where the Richardson number (Ri) exceeds 0.5.  The 

boundary layer begins to grow over land at 0600 UTC (1000 LT) 28 September 2004.  At 

0900 UTC (1300 LT), the boundary layer increased in height over land to about 700 m at 

the coast and further inland to about 1100 km near 23.6°N to 23.7°N.  At 1200 UTC 

(1600 LT) the boundary layer had grown to about 1600 m near the coast and 1300 m 

further inland.  At 1500 UTC (1900 LT), the boundary layer height was modeled to 

increase to 2200-2300 m over parts of the land.  Inland of the coast to 23.5°N (78 km 

inland), the boundary layer height was 300 m.  By 1800 UTC (2200 LT) 28 September, 

the boundary layer height over land decreased to about 100 m.  Over the water, the 

marine boundary layer is 200-300 m.  As shown in Figure 7.65, on 29 September, the 

boundary layer over land begins to grow at 0600 UTC (1000 LT).  At 0900 UTC (1300 

LT), the boundary layer over land grew to 1000 m and by 1200 UTC (1600 LT), the 

boundary layer was 1800-2700 m deep.  By 1500 UTC (1900 LT), the daytime boundary 

layer height over land was less than 500 m.  The marine boundary layer grows in height 

through the night as the air over the water becomes modified by the underlying water and 

becomes more convective. 

The boundary layer heights were estimated by the model potential temperature 

and compared with the boundary layer height estimated by the Ri.  Over the water, the 

boundary layer height estimated by the potential temperature gives similar values as the 

boundary layer height estimated by the Ri.  Over land, the boundary layer height  
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Figure 7.64.  Boundary layer height (m) every three hours from 0000 UTC (0400 LT) 28 September 2004 to 2100 UTC 28 September (0100 LT 29 
September) 2004. 
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Figure 7.65.  Boundary layer height (m) every three hours from 0000 UTC (0400 LT) 29 September 2004 to 0000 UTC (0400 LT) 30 September 2004. 
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estimated by the Ri is 50 to 400 m lower than the boundary layer height estimated by the 

potential temperature profiles.    

The boundary layer heights were also estimated by values of TKE.  The top of the 

boundary layer is estimated to be the altitude where the value of TKE decreases to 10% 

of the maximum value of TKE.  Ten percent is chosen because TKE does not ever reach 

a value of zero, and above the boundary layer there is turbulence, although much less 

than within the boundary layer.  On 28 September at 0900 UTC (1300 LT), the boundary 

layer height estimated by TKE is about 900 m over the land, decreasing to 600-750 m 

south of 23°N.  This value is similar to the model boundary layer height estimated by the 

Ri method.  At 1200 UTC (1600 LT), the boundary layer is estimated to be 2100 m deep 

over the land, decreasing to a depth of 1400 m south of 23°N.  This is about 300 m higher 

than the boundary layer height given by the Ri.  By 1500 UTC (1900 LT), the boundary 

layer height has decreased to less than 300 m near the coast.  Higher values of turbulence 

remain further inland, but the turbulence is decoupled from the surface.  This is consistent 

with that shown by the Ri.  On 29 September, the boundary layer height estimated by 

TKE is about 1000 m at 0900 UTC (1300 LT), which is consistent with the Ri.  At 1200 

UTC (1600 LT), the boundary layer height is estimated to be 2900 m at 23.6°N (67 km 

inland), which is about 200 m higher than the height estimated by the Ri.  Further inland, 

the boundary layer height is estimated to be 2200 m. 

7.2.3. Model Comparison with Observations 

The model 2 m air temperature, 2 m dewpoint depression, and 10 m wind speeds 

are compared with the observed values at the stations of Dalma, Abu Dhabi, and Hamim 

for the 48-hour simulation.  Dalma is located offshore, Abu Dhabi is a coastal location, 
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and Hamim is inland.  The observed values are in black and the modeled values are in 

red.  As shown in Figure 7.66a, the model 2 m air temperature at Dalma does not show a 

diurnal variation while the observed temperature varies from 28°C at night to 35-36°C 

during the day.  A possible cause of this could be low level cloudiness in the simulation.  

The At both Abu Dhabi, shown in Figure 7.66b, and Hamim, shown in Figure 7.66c, the 

modeled 2 m air temperature does show a diurnal cycle similar to the observations.   

The modeled and observed 2 m dewpoint temperature at the three stations is 

shown in Figure 7.67.  The dewpoint temperature at Dalma, shown in Figure 7.67a, is 

modeled within about 4°C of the observations until after the 30-hour forecast when the 

model does not simulate the decrease in the dewpoint temperature that is seen in the 

observations.  This could be due to the presence of clouds and too much moisture in the 

low levels.  The model dewpoint temperature at Abu Dhabi and Hamim correlate well 

with the observed dewpoint temperature.  At all three stations, the model dewpoint 

temperature is typically warmer than the observed dewpoint temperature. 

The 10 m modeled and observed wind speeds are shown in Figure 7.68 for 

Dalma, Abu Dhabi, and Hamim.  The model wind speed at Dalma is similar to the 

observed wind speed.  At Abu Dhabi the model wind speed is up to 5 m s-1 too fast at the 

early forecast integration times.  During the second half of the simulation the model wind 

speeds at Abu Dhabi are similar to the observed wind speeds.  At Hamim the modeled 

and observed wind speeds are similar, with an exception in the 33 to 39-hr forecast 

integration times when the model does not capture the increase in the observed wind 

speed. 
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Figure 7.66.  Modeled and observed 2 m air temperature at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 0000 UTC (0400 LT) 28 September to 0000 
UTC (0400 LT) 30 September 2004.  The x-axis gives the forecast integration time in hours. 
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Figure 7.67.  Modeled and observed 2 m dewpoint temperature at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 0000 UTC (0400 LT) 28 September to 
0000 UTC (0400 LT) 30 September 2004.  The x-axis gives the forecast integration time in hours. 
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Figure 7.68.  Modeled and observed 10 m wind speed at (a) Dalma, (b) Abu Dhabi, and (c) Hamim for 0000 UTC (0400 LT) 28 September to 0000 UTC 
(0400 LT) 30 September 2004.  The x-axis gives the forecast integration time in hours.
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 Table 7.2 summarizes the model and observed extent of the sea breeze circulation 

and the boundary layer height for the 28-30 September 2004 time period.  The modeled 

sea breeze circulation begins over the UAE by 1200 UTC (1600 LT) on 28 September.  

The model sea breeze reaches a maximum width of 311 km, with a horizontal extent of 

233 km offshore and 78 km inland.  The model estimates a vertical extent of the onshore 

winds of 500 m.  The observations show onshore winds from 28 September until about 

0000 UTC (0400 LT) 29 September.  The model sea breeze on 29 September begins at 

0900 UTC (1300 LT), and extends 22 km inland and 33 km offshore.  The observations 

show the sea breeze to begin at 1100 UTC (1500 LT).  By 1200 UTC (1600 LT), the 

observed sea breeze extends 130 km inland and 15 km offshore.  At this time, the model 

predicts the sea breeze to be 56 km inland and 178 km offshore.  The observed sea breeze 

reaches a maximum width of 215 km at 1500 UTC (1900 LT).  The model sea breeze has 

a maximum width of 311 km at 1500 UTC (1900 LT).  The vertical extent of the sea 

breeze is well represented in the numerical simulation.  Observations at the MAARCO 

site indicate that the onshore winds extend to 431 m at 0900 UTC (1300 LT) and 614 m 

at 1200 UTC (1600 LT).  The model predicts the onshore winds to reach an altitude of 

215 m at 0900 UTC (1300 LT) and 500 m at 1200 UTC (1600 LT).  COAMPS® predicts 

a sea breeze to form on 28 September when the observations do not indicate the 

formation of a sea breeze, and it predicts the sea breeze to form too early on 29 

September.  On 29 September, COAMPS® expands the sea breeze offshore too quickly. 
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Table 7.2.  Summary of onshore and offshore extent of the sea breeze, vertical extent of the sea breeze, and planetary boundary layer height for 28-30 
September 2004. 
Day & Time Sea Breeze Horizontal 

Extent Onshore (along B) 
Sea Breeze Horizontal 
Extent Offshore (along B) 

Sea Breeze Vertical 
Extent  

Planetary Boundary Layer 
Height (at Abu Dhabi) 

 Observations Model Observations Model Observations Model 
(53.02°E)

Observations Model 

28 Sep 0 UTC 0 0 0 0  0  109 m 
28 Sep 3 UTC 0 0 0 0  0  158 m 
28 Sep 6 UTC 0 0 0 0  0  264 m 
28 Sep 9 UTC 0 Coast 0 22 km  90 m   293 m 
28 Sep 12 UTC 0 22 km 0 155 km 0 m (Abu 

Dhabi) 
500 m 2342 m 90 m 

28 Sep 15 UTC 0 78 km 0 233 km  1100  m  204 m 
28 Sep 18 UTC 0 0 0 0  0  222 m 
28 Sep 21 UTC 0 0 0 0  0  439 m 
29 Sep 0 UTC 0 0 0 0  0  127 m 
29 Sep 3 UTC 0 0 0 0  0  146 m 
29 Sep 6 UTC 0 0 0 0  0  164 m 
29 Sep 9 UTC 0 22 km 0 33 km 431 m 

(MAARCO) 
215 m  142 m 

29 Sep 12 UTC 130 km 33 km 15 km 178 km 614 m 
(MAARCO) 

500 m 1825 m 147 m 

29 Sep 15 UTC 130 km 78 km 85 km 233 km  500 m  212 m 
29 Sep 18 UTC 80 km 0 85 km 0  1100 m  185 m 
29 Sep 21 UTC 0 0 0 0  0  203 m 
30 Sep 0 UTC 0 0 0 0  0  139 m 
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CHAPTER 8. CONCLUSIONS 

 An observational and modeling study was performed on the Arabian Gulf region 

to investigate the coastal circulations and aerosol transport in the area.  Climatological 

data from NCDC was supplemented with meteorological and aerosol measurements from 

the United Arab Emirates – Unified Aerosol Experiment (UAE2) and the Department of 

Water Resources Studies (DWRS), Ministry of Presidential Affairs, Abu Dhabi, United 

Arab Emirates to study the sea breeze and land breeze circulations and associated dust 

transport in the United Arab Emirates and Arabian Gulf region.   

 The UAE2 field program took place from 1 August to 5 October 2004.  Its 

purpose was gain a better understanding of the meteorological and aerosol characteristics 

and their transport processes and to evaluate satellite products and numerical simulations 

in desert regions.  The UAE region was selected because of the complex geography of the 

area that causes land-sea-air-land interactions.  The objectives of the NCSU group are to 

study the mesoscale weather processes in the region.   

 Climatological wind direction and wind speed data measured at Abu Dhabi from 

1995-2002 were used to determine the frequency of sea breeze and land breeze 

circulations.  Both circulations occur most frequently during the summer months, on 90% 

to 99% of the days in each month from May to December.  The month of February has 

the lowest percentage of days with sea breezes (77%) and land breezes (70.8%).  Hourly 

observations from the 50 Department of Water Resoures Studies (DWRS) stations were 

used to determine the timing and also horizontal inland and offshore extents of the sea 

breeze circulation.  Over the UAE, the sea breeze circulation first forms along the coast, 

typically between 1300 and 1600 LT.  The circulation expands both over water and over 
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land during the afternoon and reaches its maximum width before sunset.  The total width 

of the sea breeze varied from about 195 km to 245 km, with an inland extent of 80 km to 

more than 130 km and an offshore extent of 85 km to 115 km.  The observations show 

the sea breeze to end around sunset.  The ending time of the sea breeze circulation is 

difficult to ascertain because the prevailing wind direction is also onshore. The land 

breeze forms between about 0100 LT and 0400 LT.  The desert surface cools quickly 

after sunset due to radiational cooling and once the surface is relatively cooler than the 

water surface, the land breeze circulation forms.  The height of the sea breeze circulation 

was determined by radiosonde wind direction measurements taken at Abu Dhabi and at 

the Mobile Atmospheric Aerosol and Radiation Characterization Observatory 

(MAARCO) site.  The vertical extent of the onshore winds ranges between about 750 m 

and 1600 m.  

 During UAE2 several vertical profiles of air temperature and aerosol 

concentrations were obtained offshore, along the coast, and inland by an aircraft.  

Potential temperature and aerosol vertical profiles were plotted to determine the location 

of the dust layers.  The majority of the profiles show the highest dust concentrations in 

the well-mixed layer near the surface.  The wind direction in this layer can help to 

determine the source region of the dust.  For stations offshore and along the coast, 

northerly winds suggest a source region in Iran, while at inland stations a northerly wind 

could be either a local source region in the UAE or a source region in Iran.  For all 

stations, other wind directions suggest a source region on the Arabian Peninsula.   

 A statistical evaluation of COAMPS® was performed for the period, 1 August to 5 

October 2004.  Model output fields of 2 m air temperature, 2 m dewpoint temperature, 10 
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m wind speed, and 10 m wind direction were verified against the UAE dataset, an 

independent dataset, and also against the ADP dataset, a dataset that was used in the data 

assimilation during the model runs.  Surface visibility was verified against the ADP 

dataset only.  All five surface variables output by COAMPS® were also verified against a 

dataset consisting of the combined UAE and ADP datasets.  Model 2 m air temperatures 

are colder at all forecast integration times except in the afternoon (1600 LT) when there 

is no bias.  Model 2 m dewpoint temperatures are also less at all forecast integration 

times except in the afternoon (1600 LT) and night (2200 LT) when there is a warm bias.  

The wind speeds are predicted too slow in the afternoon (1600 LT) and night (2200 LT) 

and too fast during the morning (0400 and 1000 LT).  The air temperature and wind 

speed biases are consistent in the morning hours because the cold air temperature bias is 

calculated over the land (except for a single island station), and if the air temperature over 

the land is too cool, the temperature gradient between the air over the land and the sea 

surface temperature will be too large, resulting in a stronger pressure gradient force and 

predicted wind speeds faster than observed.  The wind direction RMS error is 70-90°, 

suggesting that the formation of the sea breeze circulation may not be well defined in 

COAMPS®.   

The diurnal variation in the model errors was investigated for a two-week time 

period in late September.  Both the RMS and bias errors are typically larger during the 

night and smaller during the day.  The 2 m air temperature bias when calculated using the 

independent UAE dataset is larger than the bias in the ADP dataset when the observed 

wind speeds are faster over the southern Arabian Gulf.  The dewpoint temperature RMS 

and bias error vary diurnally more for the independent UAE dataset than for the ADP 
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dataset.  Larger surface visibility RMS errors occur when the observed wind speed is 

stronger.  Large wind speed and wind direction RMS and bias errors occur for light wind 

speeds, and COAMPS® predicts the wind speeds better when the observed winds are 

faster.  At larger wind speeds, model physics generally work better.  

The verification of the vertical profiles indicates that COAMPS® performs best in 

the lowest levels for temperature, dewpoint temperature, geopotential height, and wind 

direction.  The RMS and bias errors increase with height to the 250 hPa level.  The model 

temperature is too cool through much of the atmosphere, while the dewpoint temperature 

is too warm.  The geopotential height bias is too low.  The wind speed RMS error is        

2 m s-1 at 1000 hPa and increases with height..  The wind speed bias is 0 to 1.5 m s-1 too 

slow, except from 250-100 hPa where the wind speed bias is less than 1 m s-1 too fast.  

The wind direction RMS error is about 60-70° throughout the atmosphere, with largest 

errors at the surface.   

The boundary layer height was verified at Abu Dhabi by calculating the RMS and 

bias errors for the COAMPS® predicted boundary layer height as compared to the 

observed boundary layer height from radiosonde potential temperature measurements.  

The model forecasted boundary layer height bias error increased in each subsequent 

forecast integration time from about 475 m at the 0-hr forecast to about 525 m at the 48-

hr forecast.  For the model predicted boundary layer heights at the model initialization 

time, the height is over predicted on 19 days and under predicted on 8 days out of 27 

days.   

Two case studies were performed using COAMPS®.  The first case study was for 

9-11 September, when there were well-developed sea breezes.  On 9 September, the 
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modeled sea breeze circulation formed at about 1200 UTC (1600 LT) and grew 

throughout the afternoon to a horizontal width of 300 km, extending 240 km inland and 

60 km offshore.  This horizontal extent is in good agreement with the available 

observations, which suggest a sea breeze with a width of at least 245 km.  The sea breeze 

is modeled to extend to only half of the height that was observed.  On 10 September, the 

width of the modeled sea breeze was 100 km, while the observed sea breeze was between 

190 and 245 km.  The boundary layer heights are estimated at the same height by both the 

Ri method and by using the model potential temperature profiles on 10 September at 

0900, 1200, and 1500 UTC at most locations.  The Ri method estimated a boundary layer 

height of 200 m south of the coast at 1500 UTC while the estimated height from the 

temperature profile was 2300 m.  COAMPS® simulates the sea breeze circulation better 

on 9 September.  For the later forecast integration times, valid on 10 and 11 September, 

COAMPS® does not capture the timing or extent of the sea breeze well. 

The observations for 28-30 September 2004 indicate that no sea breeze formed on 

28 September, but a sea breeze did form on 29 September.  A sea breeze was simulated 

on both days.  The model sea breeze on 28 September has an inland extent of 89 km and 

an offshore extent of 233 km, for a total width of 322 km.  On 29 September, the 

maximum width of the modeled sea breeze formed two hours before the observed sea 

breeze and reached a maximum width of 333 km.  The observed sea breeze width was 

215 km.  The vertical extent of the sea breeze on 29 September is well represented in the 

numerical simulation.  The boundary layer height was estimated using the Ri, potential 

temperature, and turbulent kinetic energy methods.  All three methods give similar 

estimates of the boundary layer height at 0900 UTC (1300 LT) and at 1500 UTC (1900 
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LT).  At 1200 UTC (1600 LT), the TKE method gives an estimated height of 2100 m, as 

compared to the 1700 m estimated by both the Ri and potential temperature methods.  In 

summary, COAMPS was able to simulate the sea and land breezes reasonably well in the 

Arabian Gulf region. 
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Abbreviations Used: 

AOI – area of interest, includes U.A.E. and Oman and GOO 

DEP – Dust Enhancement Product 

GOO – Gulf of Oman 

SAG – Southern Arabian Gulf 

SOH – Straight of Hormuz 

NAG – Northern Arabian Gulf 

T-Z – Time-Height, as in T-Z section (a type of plot) 
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REE 1300Z September 1, 2004  

 Model Status: 

MODEL Status Valid Until 
NOGAPS available 00Z 6 Sept 
NAAPS available 00Z 5 Sept 
COAMPS/dust available 00Z 4 Sept 
NCSU MM5 unavailable   
NCAR MM5 available 00Z 02 Sep 

Hardware and network problems resolved. 

Let us know via email when problems occur or products are missing. 

Current Conditions: 

Meteosat cloud products continue to show the SOH and GOO to be cloud free except for 
some convection over Oman. 

 



 455

Surface obs look very similar to yesterday, with the usual lifting in the Sistan Basin, and 
visibility issues on both sides of the SOH.   

 

Dust enhancement product (DEP) shows no activity, except in Sistan Basin.    
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 Synoptic Discussion: 

Broad ridge covering most of SW Asia weakens slightly in first two days then 
strengthens considerably on 3rd and 4th.  At the same time, the heights in the 700mb 
trough along Yemen coast fall.  Heights north of the ridge also fall towards the end of the 
forecast cycle.  This leads to increasing winds over Oman and Yemen during the period, 
with the highest winds on the 5th.  

 Mesoscale Discussion: 

The COAMPS/Dust Met loop shows sea breeze on 1st strongest in westernmost UAE and 
begins as early as 09Z.  Friction velocities there exceed the threshold for lifting.  Winds 
weaken by 2nd.  However, the horizontal extent of the sea breeze (especially over the 
Arabian Gulf) is better defined on the 2nd than on the 1st.  Sea breeze dies by 21Z each 
day.  The sea breeze on the 3rd lasts from 12Z to 21Z.   
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DUST FORECAST: 

NAAPS shows dust activity in Sistan Basin and Iraq for the 1st, then weakened lifting 
afterwards.  

 

  

COAMPS/Dust: 

The Abu Dhabi T-Z plot shows signs of the locally generated dust at the surface each of 
the few days.  The elevated dust on the 1st came across the Arabian Gulf from Qatar or 
further northwest.   
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Relatively low concentrations still found at Musqat, so there should be limited dust across 
the GOO through the 3rd or 4th.  

 

Summary:  Expect little influence from Sistan Basin in the AOI.  All this dust pours over 
the Arabian Sea east of the GOO.  There is the possibility of locally generated dust in 
western UAE on 1st-3rd. 

   



 459

REE 1400Z September 10, 2004  

 Model Status: 

MODEL Status Valid Until 
NOGAPS Ok 00Z 15 Sept 
NAAPS 9 Sept run 00Z 14 Sept 
COAMPS/dust Ok: 9-km is again 

available 
00Z 13 Sept 

NCAR MM5 Ok 00Z 11 Sep 
      

Let us know via email when problems occur or products are missing. 

Current Conditions: 

Clear conditions again today.  Not even the convection that we can usually see by this 
time in the mountains.  NRL Low-cloud and cirrus products show AOI cloud-free. 
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Surface observations from 06Z show mobilization in the Sistan Basin.  Haze is reported 
at sites around the SOH, and southwest Iran. 
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Dust enhancement shows dust in Sistan Basin moving to the SSE.  Also some dust in Iraq 
coming from the west.  

 

 Synoptic Discussion 

Broad ridge covering most of SW Asia weakens during the period in response to slow 
moving trough that begins over Black Sea and move to Caspian Sea during the period.  
The 700mb trough along Yemen broadens as it is joined by a low over Afghanistan and 
Pakistan. Moisture returns to the upper troposphere starting on the 10th and may be 
sufficient for cirrus formation.  Moisture returns to the lower troposphere on the 12th.   
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Mesoscale Discussion:  

NCAR MM5 shows the sea breeze starting at 09Z on the 10th with a very strong sea 
breeze front about 2/3 the way to southern UAE border by 15Z.  COAMPS shows a 
similar formation on the 10th.  COAMPS shows a northwesterly sea breeze is well 
developed on the 11th, moving further inland than on the 10th, but the wind never turns to 
be offshore the night of the 11th.  Winds are onshore all day the 12th.  FNMOC 18km 
COAMPS 925mb plot shows strong synoptic winds over the Arabian Gulf, these will 
probably overwhelm any sea breeze on the 12th. 
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COAMPS shows increasing northerly component in the AOI throughout the troposphere.  
Humidities under 70% everywhere above the boundary layer (though 70% wrt liquid is 
100% wrt ice in upper troposphere, so some high clouds might be expected on the 11th.  
Beginning on the 11th, humidity in the lowest 1km increase to 80% or higher at Abu 
Dhabi, with other locations also having increased humidity. 
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DUST FORECAST: 

NAAPS and COAMPS show the Sistan Basin as active for the period except the 11th, 
however not as active as it has been.  This dust heads SSW and has reached the GOO and 
AOI at mid-levels on the 10th (see Muscat and Abu Dhabi T-Z below).  More dust arrives 
at mid-levels at Muscat on the 13th from the Sistan Basin.  Abu Dhabi shows locally 
produced dust on the 11th and 12th.   

NAAPS and COAMPS also show Iraq/Syria/Kuwait etc. producing dust on 10th – 13th 
with the 12th being the strongest day.  This dust heads SSE and might affect western UAE 
on the 13th. 
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Summary:  Local lifting in the UAE is possible on the next few days.  Dust from the 
Sistan Basin affects the GOO at mid-levels.   
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REE 1400Z September 17, 2004  

 Model Status: 

MODEL Status Valid Until 
NOGAPS Ok 00Z 22 Sept 
NAAPS Stale (16 Sept run) 00Z 21 Sept 
COAMPS/dust Ok 00Z 20 Sept 
NCAR MM5 Ok 00Z 18 Sept 
      

Let us know via email when problems occur or products are missing. 

Current Conditions: 

11Z satellite shows convection over the Oman mountains.  Some scattered clouds over 
the GOO and SAG.   
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  Surface observations for 06Z show some dust activity in the SOH, and dust in the Sistan 
Basin south through western Pakistan.   

 

Today’s dust enhancement shows very little dust over the entire region.  
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Higher humidities decrease aloft over the UAE on the 18th and 19th.  Dhadna time-height 
section shows similar pattern, but more lower level moisture.  The GOO has more 
moisture returning on the 19th.  Commercial forecast call for scattered clouds the next two 
days and then clearing Monday and Tuesday. 
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Synoptic Discussion 

A passing wave in the southern branch causes heights to fall for the first two days then 
rise again on the 20th.  Dynamical forcing over Iraq and SA weakens and lifting is 
reduced and intermittent.  Weak lifting still occurs over the Sistan Basin through the 21th. 

Mesoscale Discussion:  

Strong sea breezes set up each day over AOI.  Sistan Basin activity decreases 
considerably on the 17th.  Local lifting along GOO coast and in northern UAE.  Strong 
northerly winds over the SAG each of the next three days. 
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Sistan Basin activity decreases considerably on 18th, local lifting along GOO and SAG 
coasts. 
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Lifting in western UAE increases, as does lifting in northern Oman.   

 

 

 

DUST FORECAST: 

Dust from Sistan Basin moves across eastern GOO on the 17th.  This can be seen in the 
Muscat T-Z below.  After today, the AOI should be free of transported dust, but the 
possibility of local lifting remains along the coastlines.   

Low-level dust at Abu Dhabi is from TEV and SEV on previous days.  Dust at surface on 
18th and 19th due to local lifting.   
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    Summary:  Local lifting possible in UAE and Oman, especially with the stronger 
northerly winds off the SAG and easterly winds off the GOO. 
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REE 1330Z September 23, 2004  

 Model Status: 

MODEL Status Valid Until 
NOGAPS Ok 00Z 28 Sept 
NAAPS Ok 00Z 27 Sept 
COAMPS/dust Ok 00Z 26 Sept 
NCAR MM5 Ok 00Z 24 Sept 
      

Let us know via email when problems occur or products are missing. 

Current Conditions: 

11Z satellite shows a little afternoon convection over the Oman mountains, also some 
clouds over southern SA.  Could be some convection over western UAE later today as 
there has been the past couple days.   

 

At 06Z, dust and haze were reported northwest of Qatar, in UAE and SOH, and in 
western Pakistan.   



 475

 

Today’s dust enhancement shows a little dust over the SAG and GOO.     
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Raobs at Muscat (right) getting more moist at heights of 6-8km.  Abu Dhabi (left) still 
higher humidities aloft, but less so the 22nd than before. 
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 Synoptic Discussion 

Ridge over the Black Sea builds again beginning the 24th lasting through the 28th.  
Highest heights in the ridge located over SA and Iraq.  Upper level trough sets up 
northeast to southwest over Afghanistan/Pakistan.  Surface low remains over 
southwestern SA.  NOGAPS has strong northerlies over the Sistan Basin on 25th and 26th.  

Mesoscale Discussion:  

Some locally strong winds are found in Oman and Yemen, lifting could occur with this, 
but will move to the southwest; nominal sea breeze.  Sistan Basin winds are weak on 23rd.   

 

Some strong winds along the UAE and Oman coasts.  Stronger sea breeze on the 24th 
with some local lifting possible.  Sistan Basin winds are still weak.  
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Weak winds still in the Sistan Basin, but some lifting expected south of there in the 
Baluchistan area.  Local lifting also along Oman coast. 
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DUST FORECAST: 

No transport from the TEV area, dust T-Z at Basrah is completely clear.  Dust over AOI 
right now from lifting in Baluchistan area earlier this week.  Less dust over the SAG as 
over the GOO.  More lifting occurs in Baluchistan on the 25th, and this crosses the GOO 
to impact Muscat on the 26th.      
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Increased surface concentrations at Abu Dhabi due to local lifting.  Baluchistan dust at 
Muscat on 23rd to 25th.   

 

 

     Summary:  Local lifting continues in UAE and Oman.  Expect long-range transport of 
dust to AOI from Baluchistan currently and also on the 26th from dust lifted the 25th. 
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REE 1330Z September 28, 2004  

 Model Status: 

MODEL Status Valid Until 
NOGAPS Ok 00Z 3 Oct 
NAAPS Ok 00Z 2 Oct 
COAMPS/dust Ok  00Z 1 Oct 
NCAR MM5 Ok 00Z 29 Sept 
      

Let us know via email when problems occur or products are missing. 

Current Conditions: 

11Z visible satellite shows low clouds over most of eastern and northern Oman and the 
eastern GOO.  No convection over the Iranian mountains.   

  

 

At 06Z, dust and haze reported in TEV, SOH, along the SA coast and in the Sistan Basin. 
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Today’s dust enhancement shows some dust in the Sistan Basin area. 
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Raobs at Muscat (right) reporting humidities of 70-80% at 5-6km and also at the surface 
associated with the tropical system.  Abu Dhabi (left) shows RH about 40-50% at 5km 
with lower humidity at the surface. 
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 Synoptic Discussion 

Upper level trough remains over southwest Asia until replaced by a ridge on the 2nd.  
Low level ridge remains over the AOI with the highest heights retreating to the west 
through the forecast period.  NOGAPS has increased surface wind speeds over the Sistan 
Basin on the 28th-30th. 

Mesoscale Discussion:  

Weak sea breeze in the UAE.  Winds along the UAE and Oman coasts weak, and little if 
any lifting.  Stronger winds and lifting north of the Sistan Basin. 

 

Weak winds over the AOI.  Possibility of some lifting along Oman and northern UAE 
coast.  Poorly defined sea breeze over UAE. 
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Stronger winds on Oman coast could cause some local lifting.  Weaker winds in the 
Sistan Basin. 
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 DUST FORECAST: 

No dust transported into the Abu Dhabi area.  Some dust from the Sistan Basin crosses 
the eastern GOO and reaches Muscat on the 28th-30th.  Dust produced in the TEV region 
moves south towards the AOI through the 30th.  
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Abu Dhabi may have some locally produced dust each day.  However, this T-Z plot is 
very different from yesterday’s: the height and concentration of the dust on the 29th and 
30th have both decreased, especially on the 29th.  Muscat shows dust being transported 
across the GOO and also local dust.     
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Summary:  Local lifting is possible each day; transported dust over the GOO.  This is the 
most dust-free T-Z I’ve seen for Abu Dhabi.  Outflow clouds will continue to move 
towards the western GOO and SOH this evening. 
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REE 1330Z October 3, 2004 

 Model Status: 

MODEL Status Valid Until 
NOGAPS Ok 00Z 8 Oct 
NAAPS Ok 00Z 7 Oct 
COAMPS/dust Ok  00Z 6 Oct 
NCAR MM5 Ok 00Z 4 Oct 
      

Let us know via email when problems occur or products are missing. 

Current Conditions: 

11Z satellite shows clear conditions over the AOI with some scattered clouds over 
southwestern Saudi Arabia.    The tropical wave mentioned in the last forecast has moved 
to the northeast to the Pakistan/Indian coast. 
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At 06Z, haze is reported in the SOH and all stations in northern UAE. 

 

Today’s dust enhancement shows some of the haze problem in the SOH, but little dust 
visible on satellite. 
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Raobs at Abu Dhabi (right) show higher humidity at the surface, but values aloft are low.  
Muscat (right) shows low humidity throughout the whole column. 
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Synoptic Discussion 

500mb ridge remains over the AOI.   Light winds over most of the AOI and light and 
variable winds in the Sistan Basin. 

Mesoscale Discussion:  

Northwesterly winds along UAE coast cause some lifting in western UAE.  Northeasterly 
winds along Oman coast. 
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Northwesterly winds again at the UAE coast, but weaker than the 3rd.   

 

Weaker winds continue over the UAE and Oman.  Strong winds in the TEV. 
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 DUST FORECAST: 

Locally produced dust is possible along the coastlines of the UAE and Oman.  
Concentration and aerosol optical depth loops show little or no transported dust into the 
AOI from the TEV or Sistan Basin. 
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Abu Dhabi and Muscat may have some locally produced dust each day.  

 

 

Summary:  Dust over the AOI will be mostly due to local processes.   
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APPENDIX B: 

 

 

Additional Figures from the Statistical Evaluation of COAMPS® 
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Figure B.1.  2 m air temperature RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC 
(1600 LT) initialization times.  COAMPS® verified against combined UAE and ADP datasets.  
Watch refers to model initialization time. 
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Figure B.2.  2 m dewpoint temperature RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 
UTC (1600 LT) initialization times.  COAMPS® verified against combined UAE and ADP datasets.  
Watch refers to model initialization time. 
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Figure B.3.  10 m wind speed RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC 
(1600 LT) initialization times.  COAMPS® verified against combined UAE and ADP datasets.  
Watch refers to model initialization time. 
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Figure B.4.  10 m wind direction RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC 
(1600 LT) initialization times.  COAMPS® verified against combined UAE and ADP datasets.  
Watch refers to model initialization time. 
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Figure B.5.  Surface visibility RMS and bias error at (a) 0000 UTC (0400 LT) and (b) 1200 UTC 
(1600 LT) initialization times.  COAMPS® verified against combined UAE and ADP datasets.  
Watch refers to model initialization time. 
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Figure B.6.  2 m air temperature RMS and bias errors at Alkhazna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.7.  2 m dewpoint temperature RMS and bias errors at Alkhazna for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.8.  10 m wind speed RMS and bias errors at Alkhazna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.9.  10 m wind direction RMS and bias errors at Alkhazna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.10.  2 m air temperature RMS and bias errors at Alqlaa for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.11.  2 m dewpoint temperature RMS and bias errors at Alqlaa for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.12.  10 m wind speed RMS and bias errors at Alqlaa for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.13. 10 m wind direction RMS and bias errors at Alqlaa for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.14.  2 m air temperature RMS and bias errors at Alsad for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 



 511

 
Figure B.15.  2 m dewpoint temperature RMS and bias errors at Alsad for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 



 512

 
Figure B.16.  10 m wind speed RMS and bias errors at Alsad for the numerical simulations initialized 
at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.171.  10 m wind direction RMS and bias errors at Alsad for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.18.  2 m air temperature RMS and bias errors at Alsamha for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.19.  2 m dewpoint temperature RMS and bias errors at Alsamha for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.20.  10 m wind speed RMS and bias errors at Alsamha for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.21.  10 m wind direction RMS and bias errors at Alsamha for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.22.  2 m air temperature RMS and bias errors at Dhudna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.23.  2 m dewpoint temperature RMS and bias errors at Dhudna for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.24.  10 m wind speed RMS and bias errors at Dhudna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.25.  10 m wind direction RMS and bias errors at Dhudna for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.26.  2 m air temperature RMS and bias errors at Ghantuat for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.27.  2 m dewpoint temperature RMS and bias errors at Ghantuat for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.28.  10 m wind speed RMS and bias errors at Ghantuat for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.29.  10 m wind direction RMS and bias errors at Ghantuat for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.30.  2 m air temperature RMS and bias errors at Mezaira for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 



 527

 
Figure B.31.  2 m dewpoint temperature RMS and bias errors at Mezaira for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.32.  10 m wind speed RMS and bias errors at Mezaira for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.33.  10 m wind direction RMS and bias errors at Mezaira for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.34.  2 m air temperature RMS and bias errors at Saih Al Salem for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.35.  2 m dewpoint temperature RMS and bias errors at Saih Al Salem for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.36.  10 m wind speed RMS and bias errors at Saih Al Salem for the numerical simulations 
initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.37.  10 m wind direction RMS and bias errors at Saih Al Salem for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.38.  2 m air temperature RMS and bias errors at Umm Al Quwain for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.39.  2 m dewpoint temperature RMS and bias errors at Umm Al Quwain for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.40.  10 m wind speed RMS and bias errors at Umm Al Quwain for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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Figure B.41.  10 m wind direction RMS and bias errors at Umm Al Quwain for the numerical 
simulations initialized at (a) 0000 UTC (0400 LT) and (b) 1200 UTC (1600 LT). 
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