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ABSTRACT 
 

Climate pattern in the Persian Gulf is of great interest due to the strategic geographical location of 
the gulf as a waterway of major oil transportation and its increasing regional economic importance. 
However, long term and continues climate observations in this region are rare, especially for high 
resolution data. High resolution wind pattern and climate conditions were measured at 3 heights on 
a 9 m tower on the shoreline north of Qatar (26.08 N, 51.36 E) from August 2015 to September 
2016. In this work, the annual wind and climate patterns (wind velocity, temperature, relative 
humidity, and air pressure) are first presented. Drag coefficient, turbulent kinetic energy and 
sensible heat flux are calculated using the high speed measured data to explain the observed 
climate pattern. The results show the wind in the southern part of the gulf is dominant by a 
northwest stream with a diurnal average speed of 4.7 m/s. During the test year, the diurnal average 
temperature and relative humidity were 27°C and 70%, respectively. The drag coefficient is much 
higher for the wind from 270

o
-330

o
, corresponding to the wind coming mainly from northwest. The 

Turbulent Kinetic Energy (TKE) is strong during the daytime, especially around noon when the 
diurnal value is at its peak, and weak during the night. The result of this analysis may be used for 
better understanding of the local climate, allowing for further assessment of wind energy and 
pollution diffusion in the region. 
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1. INTRODUCTION  
 

Weather Research and Forecasting (WRF) 
models are of growing interest for the purpose of 
studying air pollution, air quality, and wind energy 
assessment, among others. Availability of 
accurate lower atmospheric data such as wind 
speed, direction, temperature, and atmospheric 
turbulence are important parts of WRF model 
development [1]. The predictions of low wind 
speed frequencies, for example, have important 
applications in air pollution analysis, while the 
predictions of high wind speed frequencies have 
important applications in the areas of structural 
design and assessment of potential wind power 
generator output [2,3]. Further, turbulent kinetic 
energy and sensible heat flux are commonly 
investigated for better understanding of the 
physics of atmospheric transportation and 
climate condition as well as to help develop 
climate models [4,5,6]. Finally, knowledge of 
diurnal ambient temperature, relative humidity, 
and air pressure are also used when evaluating 
local climate conditions [7,8,9,10]. In brief, 
regional annual climate characterization, along 
with atmospheric turbulent kinetic energy (TKE) 
and turbulent heat flux (THF) measurement is of 
special importance in evaluating and improving 
WRF models.  
 

The Persian Gulf (the Gulf) is a Mediterranean 
Sea between Iran and the Arabian Peninsula, 
surrounded by natural geologic formations that 
contain two-thirds of the world’s proven oil 
reserves and one-third of the world’s proven 
natural gas reserves [11,12,13]. The global 
transport of oil and gas makes the Gulf one of 
the most important waterways in the world that 
has motivated observation and simulation of the 
climate conditions in this region in recent years 
[14-20]. Further, due to its long record of 
pollution and concerns about greenhouse gases 
and climate change, there is a growing interest in 
this region for development of renewable energy. 
The ability to harvest and utilize energy from 
renewable sources is sensitive to regional 
climate conditions as well as climate change, 
requiring further study of local climate and wind 
patterns for a specific location of interest [21]. 
For example, Yip et al. [22] investigated the 
potential for wind energy in the Arabian 
Peninsula, concluding that the wind resource in 
the coastal area along the Persian Gulf is more 
variable than that of the Red Sea at a similar 
latitude. More persistent wind was also found 
along the coast of the Arabian Gulf, lending itself 

for wind energy applications. Qatar is a peninsula 
on the south part of the Persian Gulf. The climate 
of Qatar is a subtropical and hot desert climate 
with low annual rainfall and extremely hot 
summers. The annual mean rainfall is 75 mm 
that is mostly in the wintertime [20]. A strong 
wind, called Shamal, blows hot and dry air from 
the northwest, Iraq, in summer [23] while in 
winter it can brings strong sandstorms [24,18]. 
 

A feasibility study of any wind energy conversion 
system includes the study of spatial, temporal, 
and directional wind speed variation that requires 
consistent seasonal measurements of the wind 
speed and direction. Reliable annual, monthly, 
daily, and even hourly frequency distributions of 
wind data are required in order to optimize wind 
energy conversion systems and energy 
extraction [25]. Meanwhile, most studies focus on 
the inland locations in this region, e.g., Saudi 
Arabia and Iran [15,8,22], with only a few studies 
for coastal regions in Bahrain and Qatar 
[26,27,28]. High resolution data is even more 
rare around the Gulf as the existing studies are 
often obtained from weather station or satellite 
data with low temporal resolution [14,29]. More 
importantly, most available observations in the 
Arabian Peninsula are sparse in space and 
inconsistent in time, spatially scattered 
observations with varying record lengths [30,22]. 
 

In this work, high frequency atmospheric data 
collected from August 2015 to September 2016 
using a state-of-the-art tower located in the 
coastal region of Qatar is presented and 
discussed. The annual climate pattern along with 
basic atmospheric turbulence characteristics are 
presented here for the first time to better facilitate 
understanding of the regional climate condition 
and pollution dispersion, as well as to be used in 
an initial assessment for wind energy potential. 
Basic theory on the data processing is introduced 
in section 2. Experimental site and instruments 
used are introduced in section 3. Diurnal climate 
indices (wind velocity/direction, temperature, 
relative humidity, and air pressure) at this 
location are presented, analyzed, and compared 
with a nearby public site in section 4. Then, 
turbulent kinetic energy and sensible heat flux 
annual variations are discussed in section 5 
followed by concluding remarks. 
 

2. RELATED WORK 
 
Exchanges of moisture, heat, and momentum 
occur within the surface layer through turbulent 
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eddies and mixing in atmospheric boundary 
layer. These eddies influence the way in which 
lower-tropospheric thermodynamic and kinematic 
structures evolve [31]. Weather and climate 
models make use of atmospheric turbulence 
parameters, e.g. turbulent kinetic energy and 
sensible heat flux, to predict temperature and 
wind patterns [32]. These parameters are often 
obtained via turbulence models, used within 
climate models, that need to be tuned using 
experimental field data. The atmospheric 
turbulent characteristics in this work are obtained 
using data from high-speed sonic anemometer 
measurements at 20 Hz. First, the mean values 
of the instantaneous three-dimensional velocity 
are calculated from 30-minute data periods. 
Then, the wind direction, i.e. the streamwise 
velocity in x direction, is calculated, and all the 
velocity data is rotated in that direction 
accordingly. Velocity fluctuations for each 
velocity components (u, v, and w) are then 
calculated by subtracting the instantaneous 
velocity from that of their respected mean, that is 
�′ = � − �� . Symbols u, v, and w are for 
instantaneous streamwise, transverse and 
vertical directions, respectively. The overbar 
indicates an averaging operator of the variable 
and the prime indicates the fluctuations about the 
mean value. Note that the mean velocity values 
in the transverse and vertical directions become 
zero after rotation by default. The turbulent flux of 
momentum (or shear stress) is defined as:  
 

2 22
*u u w v w         ,                           (1) 

 

where   is the mean air density and 
*u  is the 

friction velocity. Drag coefficient 
dC  is then 

defined as: 
 

 
22

*dC u u u   .                                  (2) 

 
Turbulent Kinetic Energy (TKE) is defined as: 
 

 2 2 21

2
u v wTKE      ,                                (3) 

 

where,  , ,i i u v w   is the normalized variances 

of fluctuations of the wind velocity components. 
Sensible heat flux is defined as:  
 

pH C wT   ,                                              (4) 

 
where T  is the sonic temperature and 

pC  is 

specific heat of ambient air.  

 
3. METHODOLOGY 
 

3.1 Experimental Site and Instrument 
 
Atmospheric measurement was conducted in the 
coastal region of Al Ghariyah, Qatar (26.08 N, 
51.36 E), from August 2015 to September 2016. 
Qatar is located on the south of the Persian Gulf 
and surrounded by sea on all sides except for the 
Saudi Arabia border in the south, Fig. 1. The 
measurement site is located in the coastal region 
around 20 m (varies due to the tide) from the sea 
line. The landscape of the experimental site is 
comprised of mainly flat sand dunes (average 
height ~ 0.5 m) with very sparse small bushes 
and scrubs. Although there are a few low-level 
small (one room), historical buildings in the area, 
they are all located far from the measurement 
tower. 
 
Atmospheric wind and temperature data are 
collected on a 9 m tower using sonic 
anemometers (CSAT3) mounted at heights of 3.2 
m, 6.8 m, and 8.8 m above the surface along 
with a thermometer in the middle of the tower. A 
weather station (Davis Vantage Pro2) is also 
mounted on the top of the measurement tower 
that measures average wind velocity, 
temperature, humidity, and air pressure in 30-
minute intervals. The sonic anemometers are 
directly facing north and collect the wind speed in 
three dimensions, along with sonic temperatures, 
at a 20 Hz sampling rate. The sonic data are 
acquired by the CR5000 data logger connected 
to the sonic anemometers and filtered using a 
median filter [33] to remove spikes and record 
the median value of seven points, as 
recommended by Starkenburg et al. [34]. Public 
NOAA data from a neighboring site, Al Ruwais 
region, 16 km Northwest of the measurement site 
is also collected and used to compare with the 
measurements of this work. 
 

4. RESULTS AND DISCUSSION 
 

4.1 Annual Weather Patterns 
 
Three-dimensional atmospheric data was 
collected from September 2015 to June 2016 
using the sonic anemometer probes and weather 
station on the tower. The 30-minute averaged 
value of diurnal wind speed, temperature, relative 
humidity (RH), and ambient pressure in this 
measurement campaign are shown in Fig. 2. The 
orange circle in this figure represents the mean 
value while the upper blue and the lower yellow 



lines indicate the maximum and minimum, 
respectively, mean values at corresponding 
times of the day averaged for the entire test 
period.  
 
Fig. 2a shows the average value of diurnal 
variations of wind speed in this measurement 
campaign. It shows an average diurnal value of 
~4.7 m/s with an increasing trend from midnight, 
reaching its maximum around 14:00 and 
decreasing again until midnight. The averaged 
maximum diurnal velocity is around 12 m/s with 
its peak of 14.3 m/s around noon, while the 
averaged minimum value is almost zero at night. 
It is important to note that the diurnal mean wind 
velocity value is always more than 4 m/s, 
indicating a well-developed turbulent 
atmospheric layer at all times at the site. 
Furthermore, this average wind speed indicate
a higher wind energy potential in Qatar. Fig. 2b 
shows that the averaged diurnal temperature 
with a mean of ~26

o
C. The temperature 

increases from 7:00 to 10:00, maintains the high 
temperature until 15:00, then followed by a 
downward trend back to the low 
6:00. The averaged maximum diurnal 
temperature (blue line) is 38

o
C, reaching its peak 

value of 41oC at 12:00, while its minimum is 
about 35

o
C. This figure shows the minimum 

diurnal average temperature (yellow line) 
remains below 11oC, with an averaged value of 
 

Fig. 1. Site location and View of the instrument tower
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lines indicate the maximum and minimum, 
respectively, mean values at corresponding 
times of the day averaged for the entire test 

Fig. 2a shows the average value of diurnal 
variations of wind speed in this measurement 

ge diurnal value of 
~4.7 m/s with an increasing trend from midnight, 
reaching its maximum around 14:00 and 
decreasing again until midnight. The averaged 
maximum diurnal velocity is around 12 m/s with 
its peak of 14.3 m/s around noon, while the 

imum value is almost zero at night. 
It is important to note that the diurnal mean wind 
velocity value is always more than 4 m/s, 

developed turbulent 
atmospheric layer at all times at the site. 
Furthermore, this average wind speed indicates 
a higher wind energy potential in Qatar. Fig. 2b 
shows that the averaged diurnal temperature 

C. The temperature 
increases from 7:00 to 10:00, maintains the high 
temperature until 15:00, then followed by a 

 value around 
6:00. The averaged maximum diurnal 

C, reaching its peak 
C at 12:00, while its minimum is 

C. This figure shows the minimum 
diurnal average temperature (yellow line) 

averaged value of 

9oC, while the coldest point for the diurnal 
temperature is 7

o
C at 4:00 (yellow line).

 
Fig. 2c shows that the mean diurnal averaged 
RH is around 70%, with the highest humidity at 
night and lowest humidity at noon, because of a 
stronger solar radiation. The maximum diurnal 
RH is always above 90% during the day while 
the minimum value of ~20% is from 9:00 to 
15:00. As expected, there is an inverse 
correlation between the trends of the mean RH 
with that of the temperature; as the temperatur
increases from 7:00 to 10:00, the RH decreases. 
Fig. 2d shows the air pressure fluctuates around 
101.3 kPa with no signification daily trend. The 
mean value for the maximum and minimum air 
pressure is 102.8 kPa and 99.6 kPa, 
respectively. 
 
Note that environmental conditions of 100% 
humidity and a bulb temperature of 
higher, for more than six hours may result in 
hyperthermia and is considered intolerable [35]. 
According to the temperature and humidity 
values shown in Fig. 2b and 2c, usual human 
outdoor activities is not recommended in these 
extreme conditions in Qatar. These 
inconveniences of outdoor activities can further 
result in difficulty for constructions and 
transportation, hence lower productivity. 
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C, while the coldest point for the diurnal 
C at 4:00 (yellow line). 

Fig. 2c shows that the mean diurnal averaged 
RH is around 70%, with the highest humidity at 
night and lowest humidity at noon, because of a 

solar radiation. The maximum diurnal 
RH is always above 90% during the day while 
the minimum value of ~20% is from 9:00 to 
15:00. As expected, there is an inverse 
correlation between the trends of the mean RH 
with that of the temperature; as the temperature 
increases from 7:00 to 10:00, the RH decreases. 
Fig. 2d shows the air pressure fluctuates around 
101.3 kPa with no signification daily trend. The 
mean value for the maximum and minimum air 
pressure is 102.8 kPa and 99.6 kPa, 

ronmental conditions of 100% 
temperature of 35 oC, or 

higher, for more than six hours may result in 
hyperthermia and is considered intolerable [35]. 
According to the temperature and humidity 
values shown in Fig. 2b and 2c, usual human 
utdoor activities is not recommended in these 

extreme conditions in Qatar. These 
inconveniences of outdoor activities can further 
result in difficulty for constructions and 
transportation, hence lower productivity.  
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Fig. 2. Time-averaged diurnal variation of a) wind velocity, b) temperature, c) relative humidity, 
d) air pressure 

 
Figs. 3, 4 and 5 show the daily averaged climate 
measurements in this work in comparison with 
the public data obtained in the neighboring “Al 
Ruwais” 16 km south-east of the measurement 
site. The error bars indicate the 95% confidence 
interval [36]. Data in Fig. 3 shows that velocity in 
the measurement site is slightly higher than that 
in the nearby coastal Al Ruwais site. This may be 
partly attributed to the fact that the velocity data 
in Al Ruwais is collected at a lower elevation (6 
m). Fig. 4 shows a close agreement between the 
temperature values measured in the Al Ghariyah 
site and those of Al Ruwais site with an average 
yearly value of 26oC. It shows the daily average 
temperature is above 30

o
C during the hot days 

from May to October, while the daily averaged 
temperature for cool days is under 20oC from 
December to February [28]. Fig. 5a and 5b 
illustrate the relative daily averaged humidity and 
air pressure, respectively. The air pressure 
shows an opposite trend to that of the 
temperature; as the temperature decreases the 

pressure increases. The relative humidity shows 
a large scatter in  the daily values with limited 
variance for the whole year, similar to that of the 
velocity data observed in Fig. 3 without a clear 
seasonal trend, with an annual mean value of 
70%. Another important observation in this figure 
is the difference between the measured humidity 
values in Al Ghariyah and Al Ruwais sites, 16 km 
apart. It is important to recall that temperature 
and air pressure directly affect the value of local 
relative humidity. Since both these values are 
close to each other for the two sites, the 
observed difference between relative humidity is 
probably related to the difference in the wind 
direction relative to the coastline angle in the two 
sites. While the coastline of Al Ghariyah site runs 
north to south, almost 90 degrees from the 
horizontal line, Al Ruwais coastline runs 
northeast to southeast, around 45 degree from 
the             horizontal line, Fig 1. Since the wind 
comes predominantly from the northwest, it 
reaches the measurement site, mostly, after 
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traveling over land whereas for Al Ruwais the 
wind directly comes from the sea. 
 

Fig. 6 illustrates seasonal wind rose for the 
measurement campaign where the color 
variations represent the wind speeds from 0 to 
14 m/s. This figure shows that the wind from 
Northwest is prevailing in all four seasons with an 
annual average speed of 4.7 m/s. Specifically, in 
fall, the wind mostly comes from              
northwest region with relative higher speeds than 
that from most of other direction except 
occasional gusts the east (seaside). In winter, 
high speed wind from northwest is dominating  

for most of the time. During this time, lower 
speed winds from the southeast take a            
much smaller portion of the chart compared to 
those of Fall. Spring has a similar wind 
distribution as winter, but northwest winds are of 
higher speed than that in winter. In summer, wind 
direction is more evenly distributes when 
compared to those of the other three seasons, 
but wind from northwest and west northwest still 
dominate this season. In summary, a dominant 
wind from northwest direction is observed for all 
duration of the year that is partly an indication of 
Shamal.   

 

 
 

Fig. 3. Local velocity contrast with Al Ruwais from september 2015 to september 2016 
 

 
 

Fig. 4. Local temperature contrast with Al Ruwais from september 2015 to september 2016 
 

 
 

Fig. 5. Local relative humidity (top) and air pressure (bottom) in contrast with Al Ruwais 
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The specific wind phenomenon of ‘Shamal’ 
coming from Iraq over the Persian Gulf is a 
significant regional wind pattern, Fig. 7. A more 
commonly used definition of a “Shamal day” is a 
day with a wind speed of over 8.75 m/s (17 kn) 
and a meteorological direction between 270º and 
360º for at least 3 hours of the day [24,37]. Fig. 6 
shows that, in all seasons, the dominant 
northwest wind takes a large portion of the wind 
direction distribution. However, Shamal days 
were mostly observed in summer and winter 
during this measurement campaign due to more 
frequent occurrence of wind with speed larger 
than 4 m/s than the other two seasons. It is 
important to recall that the measured average 
wind velocity of 4.7 m/s indicate the potential for 
an abundant wind energy source [22] for a wind 
farm facing the northwest direction.  
 
Fig. 8a shows a complete summary of wind 
velocity variations as a function of local time in 
this measurement campaign. This figure shows 
wind velocity is commonly high around noon and 
low at midnight. The wind velocity from the noon 
to afternoon period is relatively higher from 
January to March and from June to August 
compared to the other months.  In the early 
morning, the highest and the lowest wind speeds 
occur in January and October, respectively. In 
the evening, the wind speed is lowest around 
21:00 on most days, especially during the 
summertime. The higher wind velocity in the 
afternoon may be partially associated with sea 
breeze, wind from the offshore directions. 
However, a land breeze [38], a reverse wind from 
the onshore direction, mostly occurs at night due 
to the greater cooling rate of the land.  
 
Fig. 8b shows the frequency distribution of 30 
minute-mean wind velocity. This figure shows a 
general agreement with the commonly observed 
wind velocity frequency distribution, with a 
positive skewness. The peak frequency of the 
velocity distribution is observed to occur at 3-3.5 
m/s range. Interestingly, this figure shows that 
only 27% of wind data in the year is less than 3 
m/s and 43% of data occurs at a velocity of 
higher than the annual average of 4.6 m/s (the 
red line). The present data shows a higher wind 
energy potential in Qatar coast when compared 
with some other reported locations in the world. 
For example, the mean wind speed of no more 
than 5 m/s with the most frequent wind velocity of 
around 3 m/s is studied for wind energy 
application in Malaysia [39]. Considering the 
sunny climate in the region with minor 
precipitation, our result suggest that a hybrid 

power system [40,41] with both wind and solar 
energy can suits the Gulf coast (Qatar) 
environment. 
 
The knowledge of ambient air temperature 
variations is of special interest for urban and 
industrial planning. For example, most electrical 
power in the Persian Gulf region is generated 
using gas turbine power plants where it is known 
that the efficiency of gas turbine power plants 
decreases with an increase in the inlet air 
temperature and relative humidity [42,43]. This is 
of critical importance in this region as the 
demand on electrical power peaks during times 
of high ambient air temperature due to the 
increased use of air conditioning [44]. Fig. 9a 
shows the measured monthly-daily mean 
temperature pattern in the measurement site. It 
shows that temperature is the highest around the 
noon period from 9:00 to 18:00, with the length of 
this period changes with the changing times of 
sunrise-sundown (change of season). The earliest 
sunrise time is 4:42 in the second half of June, and 
the latest is at 6:21 in the second half of 
December. The sunset time follows a similar cycle 
with the earliest sunset at16:43 and the latest 
sunset of 18:28. This corresponds to the shortest 
and longest day times, which are 10 hours and 33 
minutes in December and 13 hours and 42 
minutes in June, respectively. As shown in Fig. 9a, 
temperatures stay high from March to October, 
followed with a shorter, cool period from December 
to February. Meanwhile, the coolest time of the 
year is around sunrise during January and 
February. The temperature trends observed in this 
measurement campaign agrees with that of a 
typical subtropical coastal climate as previously 
reported for long term temperature patterns in 
Qatar [28]. Fig. 9b shows the frequency distribution 
of 30 minute-mean ambient temperature 
measurements in this campaign. This figure shows 
two distinct frequency peaks of 20

o
C and 33

o
C 

which correspond to warmer and cooler seasons 
of the year, respectively. The average temperature 
27 

o
C is in the concave between the two peaks 

with 56% of data showing temperatures higher 
than the average value. Note that the shape of the 
distribution changes with the different binning time 
as shown by Saloranta et al. [45] for different 
frequency distributions of ambient air 
temperatures for 1, 3, 6, 12, and 24 hour 
averaging window. 
 
Monthly mean pressure and relative humidity are 
illustrated in Figs. 10a and 11. Both figures show 
different diurnal trends from those of velocity and 
temperature shown in Figs. 8a and 9a, 
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respectively.  Specifically, the air pressure trend 
shows an inverse pattern to that of the 
temperature, where the highest pressure is 
around 9:00 and 21:00 from December to 
February when the temperature is low. The 
relative humidity is low in the daytime, especially 
around noon, and high at night, especially 
around sunrise. The highest relative humidity 
exceeds 90% during the cool days of winter from 
December to March. Fig. 10b shows the 
frequency distribution of ambient daily humidity 
measurement the year. This figure shows that 
the humidity, in this coastal region, is negatively 
skewed with a peak humidity of about 80% 
where 55% of data are at higher humidity than 
the annual average value of 70%. The relative 
humidity values reported here are higher than the 
ones reported by Cheng et al. [28] because the 
present data was collected around 15 m from the 
sea which is much closer than that reported by 
Cheng et al.  
 

4.2 Turbulent Characteristics 
 

Basic turbulent characteristics of the atmospheric 
boundary layer (drag coefficient, TKE, and heat 
flux) are discussed in this section. Note that the 
current data does not show any significant daily, 
seasonal, or diurnal 

dC  pattern, hence it is not 

presented here. However, the relation between the 
drag coefficient relative to the wind direction at the 
measurement site are shown in Fig. 12. This figure 
shows relatively higher values of 

dC for the wind 

coming from 270
o
-330

o
. This coincides with the 

dominant northwest wind direction shown in Fig. 6. 
This direction coincides with the Shamal, the 
higher magnitude of which results in a higher drag 
coefficient. Another reason may be the fact that 
this direction corresponds to the wind passing over 
land, experiencing a higher roughness than the 
wind passing over the sea from east side. The less 
crowded region at ~180

o
 (South) corresponds to 

the blocked view of the tower; the sonic 
anemometers were installed facing north and wind 
coming from the south is excluded due to possible 
disturbance by the tower structure. 

 
The monthly-daily mean TKE at the 
measurement site is shown in Fig. 13 at 9 m 
height from the ground. This figure shows that 
the TKE is higher during the day, especially 
around noon, and weak during the night, similar 
to the trend reported by Xia et al. [4] for Colorado 
City, TX. A higher turbulence intensity is 
observed around noon in late springtime, from 
May to July. This may be related to the increase 
in solar radiation at this time that increases the 
mixing process in the atmosphere causing a 
higher TKE. The trends in this figure are similar 
to those of the temperatures shown in Fig. 9a. 
Furthermore, TKE may also be related to the 
wind magnitude shown in Fig. 8a; a larger wind 
shear exists when the wind velocity is higher. 
Sensible heat flux is an indication of direct heat 
transfer between surface and atmosphere; it 
attains a positive value when heat is directed 
away from the surface toward the atmosphere. 
Fig.14 shows the monthly-daily sensible heat flux 
mean at 9 m above the ground in the year. 
During the day, the sensible heat flux is directed 
from the land surface to the air (positive sign) 
since the ground temperature is higher than the 
air above and is directed in the opposite direction 
during the night. The largest heat flux is recorded 
around noon from April to July, indicating a large 
temperature difference between land and air 
during this period. The largest negative heat flux 
magnitude is in the period between midnight and 
sunrise during January and June. For the periods 
around sunrise and sunset, the sensible heat flux 
is near zero, which indicates a thermally stable 
turbulent boundary layer when the temperature 
difference between the earth surface and the 
atmosphere is small. 

 

 
 

Fig. 6. Seasonal wind rose from fall 2015 (left) to summer 2016 (right) 



Fig. 7. Pressure pattern during Shamal in the Persian Gulf  [23]

Fig. 8. a) Monthly mean velocity (m/s) magnitude variations and 
minutes mean wind speed at 9m height elevation

a 

b 
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Pressure pattern during Shamal in the Persian Gulf  [23] 

 

 
 

 
 

Monthly mean velocity (m/s) magnitude variations and b) frequency distribution of 30
minutes mean wind speed at 9m height elevation 
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Fig. 9. a) Monthly mean temperature variations (oC) and b) 30 minute-mean ambient 
temperature frequency distribution of measured 9 m above ground 
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Fig. 10. a) Monthly mean relative humidity variations (%) and b) frequency distribution of 30-
minutes mean relative humidity for the measurement period 

 

 
 

Fig. 11. Monthly mean pressure variations (kpa) 
 

 
 

Fig. 12. Drag coefficient versus the wind direction September 2015 to August 2016 
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Fig. 13. Monthly mean TKE variations (m2/s2) at 9 m elevation 
 

 
 

Fig. 14. Monthly mean heat flux variations (W/m2) at 9 m elevation 
 

5. CONCLUSION 
 
This work reports the annual diurnal climate 
patterns in the coastal region of Qatar in the 
Persian Gulf (Al Ghariyah, 26.08 N, 51.36 E) from 
August 2015 to September 2016. The data was 
obtained from a low-speed weather station as well 
as a high-speed sonic anemometer at 9 m above 
the ground. The results show that the wind is 
dominant from the northwest with an average wind 
speed of 4.7 m/s, highlighting the potential of this 
location as an abundant wind energy source.  
 
The average temperature, relative humidity, and 
air pressure during the test period are 26

o
C, 70% 

and 101.3 kpa, respectively. Wind velocity and 
temperature agrees with previously reported 
patterns of high values in the noon period and low 
at midnight, as shown in Fig. 8a and 9a. The air 
pressure shows an inverse diurnal trend from the 
temperature, and humidity, with a relatively low 
value in daytime, especially around noon, and 
relatively high at night, especially around sunrise.  
 
Basic analysis of atmospheric turbulence at this 
location indicates that drag coefficient is relatively 
higher for the dominant northwest winds than for 
the other directions. This is partly because the path 
of this wind is over land for the measurement site. 
The TKE is strong during the day, especially 
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around noon, and weak during the night, which is 
aligned with the diurnal wind velocity and 
temperature patterns. Finally, the heat flux 
measurements indicate heat transfers from land to 
air during the day and vice versa during the night, 
with a thermally stable turbulent boundary layer at 
sunrise and sunset.  
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