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ABSTRACT
The performance of the Weather Research and Forecasting (WRF) Model is examined for the region
around Qatar in the context of surface winds. The wind fields around this peninsula can be complicated owing
to its small size, to a complex pattern of land and sea breezes influenced by the prevailing shamal winds, and to
its dry and arid nature. Modeled winds are verified with data from 19 land stations and two offshore buoys. A
comparison with these data shows that nonlocal planetary boundary layer (PBL) schemes generally perform better
than local schemes over land stations during the daytime, when convective conditions prevail; at nighttime, over
land and over water, both schemes yield similar results. Among other parameters, modifications to standard USGS
land-use descriptors were necessary to reduce model errors. The RMSE values are comparable to those reported
elsewhere. Simulated winds, when used with a wave model, result in wave heights comparable to buoy measurements. Furthermore, WRF results, confirmed by data, show that at times sea breezes develop from both coasts,
leading to convergence in the middle of the country; at other times, the large-scale wind impedes the formation of
sea breezes on one or both coasts. Simulations also indicate greater land/sea-breeze activity in the summer than in
the winter. Differences in the diurnal evolution of surface winds over land and water are found to be related to
differences in the boundary layer stability. Overall, the results indicate that the WRF Model as configured here
yields reliable simulations and can be used for various practical applications.

1. Introduction
Wind fields around Qatar are important for many
reasons. On the marine side, applications such as circulation and wave modeling, marine safety, coastal
erosion, and contaminant transport all rely on suitable
wind model predictions (e.g., Moeini et al. 2010; Liao
and Kaihatu 2016). On the terrestrial side, emerging
Corresponding author: B. S. Sandeepan, sandeepan.bs@qatar.tamu.edu

needs include studies pertaining to the installation of
solar energy panels and the transport and settling of
dust, which are becoming increasingly prominent (Shao
2008; Hamidi et al. 2014). Near-surface conditions for
the Arabian Gulf may be obtained from ‘‘global’’
models run by various international agencies, such as the
European Centre for Medium-Range Weather Forecasts (ECMWF), the U.S. National Center for Environmental Prediction (NCEP), NASA, and others;
however, their resolution is coarse, typically on the
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order of 50 km 3 50 km. This results in only a few grid
points being located in Qatar. In fact, Moeini et al.
(2010) have noted deficiencies in ECMWF wind fields
for wave prediction in parts of the Arabian Gulf, such as
the underestimation of wave heights resulting from their
use. The underestimation is consistent with similar errors noted by Cavaleri and Bertotti (1997) in the context
of global models applied to basins, such as the Mediterranean and the Adriatic.
Regional models that use fine-resolution grids are
therefore often used; these are generally linked to the
global models. For example, Bricheno et al. (2013) describe such efforts for an Irish Sea application and
Olsson et al. (2013) for parts of the Gulf of Alaska. In
regions such as Qatar, however, different weather patterns prevail. While the Arabian Gulf is dominated by
northwesterly winds (the peaks of which are known as
the shamal winds), the wind fields around Qatar can be
complicated because of its size. Qatar is a narrow peninsula with an area of approximately 11 437 km2 extending northward from the southern coast of the
Arabian Gulf (Fig. 1). With maximum diagonal lengths
of approximately 160 and 88 km, it is surrounded by
relatively shallow water, the average depth in the entire
Arabian Gulf being approximately 35 m. The convex
shape and narrowness of the peninsula renders it conducive to sea and land breezes from both sides, potentially leading to convergence and upward motions. The
nature of such local spatial variations could be expected
to depend on the strength of the synoptic forcing. For
instance, shamal winds caused by strong synoptic forcing
will tend to preclude small-scale thermal circulations,
whereas strong sea and land breezes could be expected
during periods of weak synoptic forcing.
To simulate near-surface atmospheric conditions,
several factors must be represented adequately. These
include topography, land use, soil properties, and the
appropriate boundary layer parameterization (Shafran
et al. 2000; Cheng and Steenburgh 2005). The topographic configuration in the Arabian Gulf (Fig. 1) affects
the circulation patterns. The basinlike contours of the
region, with the sharply rising Zagros Mountains of Iran
to the north and northeast and a more gradual upsloping
terrain to the west and southwest in Saudi Arabia,
tend to direct the low-level airflow along a general
northwest–southeast axis. This terrain complexity and
variability may be an impediment to the currently
available coarse-resolution global models. Also, landuse characteristics present a problem in terms of proper
representation, owing to rapid urbanization and development in Qatar.
In terms of the PBL parameterizations, various
schemes are available to represent the exchange of
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moisture, heat, and momentum in the atmospheric
boundary layer occurring through turbulent eddies.
These schemes affect the modeled kinematics and
thermodynamic structure of the lower troposphere
(Cohen et al. 2015). Several studies have compared the
performances of different PBL schemes and concluded
that no single scheme is suitable for all regions and
conditions (Gunwani and Mohan 2017). Draxl et al.
(2014) found that model performance strongly depends
on atmospheric stability, while Pena Diaz et al. (2011)
showed that PBL schemes performed quite differently
for sites over sea and over land. The choice of the best
model setup for a forecasting system for a particular
region will thus depend on the typical distribution of
atmospheric stability at the site (Draxl et al. 2014).
Typically, PBL schemes may be classified as either local
or nonlocal. In the case of local schemes, only those
vertical levels that are directly adjacent to a given point
directly affect variables at that point. On the other hand,
in nonlocal schemes, even distant levels are used to determine variables at a given point. These differences
may be expected to influence the simulations in a desertlike, highly convective environment. While, in general, certain disadvantages of local schemes have been
noted by Stensrud (2007) and Cohen et al. (2015),
Chaouch et al. (2017) have noted their superior performance in the United Arab Emirates (UAE) region for
certain applications. Overall, there are few studies
relating to the effect of various PBL schemes on modeled surface winds in the dry and arid regions of the
Middle East.
In this context, we examine the performance of a regional version of the WRF Model applied to the area in
and around Qatar, a region where the wind pattern
changes on short spatial and temporal scales. This regional model is implemented through the dynamical
downscaling of the global NCEP Final Analysis using
the WRF Model (Skamarock et al. 2005), essentially
following the approach of Olsson et al. (2013) and
Carvalho et al. (2014). No fewer than 19 automated
weather stations in Qatar and two offshore buoys
(Fig. 1) are available for evaluation of model performance. These data sources comprise a relatively high
density of measurements in the peninsula, providing a
relatively rare scenario for model configuration and
validation. In addition, we examine the ability of the
model to suitably simulate the formation of land and sea
breezes under different seasonal conditions in the region
around Qatar. We also examine the difference in the
modeled surface wind characteristics over land and over
water. The fidelity of the simulated winds is then investigated by examining their effect on ocean waves
through the use of a wave model and wave measurements.
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FIG. 1. Study area showing (left) topography and locations of 19 AWS and (right) two offshore buoys.

This detailed model implementation and validation
study is intended to be the preliminary step prior to its
use for forecasting.
The layout of the paper is as follows. Section 2 describes the sources of the wind and wave data available
for the validation and the optimal choice of grid sizes
and various parameters based on selected comparisons
with data. Section 3 provides validation of simulated
land and sea breezes, of selected shamal events, and of
diurnal patterns over land and water (including the
performance of PBL schemes to replicate these patterns). A consolidated comparison using data from all 19
automated weather stations (AWS) is also provided,
along with validation using a wave model forced by the
simulated winds and data from two offshore buoys. In
section 4, the validated model results are used to estimate monthly mean wind characteristics for land and
sea breezes for the Arabian Gulf. Conclusions are provided in section 5.

2. Data availability and model configuration
Observational data were obtained from 19 land-based
automated weather stations and two offshore buoys
deployed and maintained by the Qatar Meteorological
Department (QMD). Figure 1 shows the locations of
these measurement sites. Since historical data were not
available, we downloaded current observations from the
QMD website (http://qweather.gov.qa/EWSData.aspx)
on an ongoing basis. Wind speed, wind direction, relative humidity, temperature, and significant wave height
were archived for a period of 12 months from September

2015 to October 2016. For the automated weather stations, data available at 10-min intervals consist of wind
speed and direction at the 10-m elevation, temperature
and humidity at the 2-m elevation, and sea level pressure. The 10-min values were averaged on an hourly
basis for convenience. For the offshore buoys, wind data
were available at 30-min intervals at an elevation of 4 m;
these were converted to corresponding values at the
10-m elevation by assuming neutral stability and a logarithmic profile. Significant wave heights were also available at 30-min intervals from the two buoys.
We used the WRF Model (version 3.7), developed by
NCAR, for modeling mesoscale wind systems in the
Arabian Gulf region. Two-way nested WRF simulations
were performed with two grids (Fig. 1). The outer domain uses a 30-km grid resolution and the inner
domain a 10-km resolution. We used the Dudhia scheme
for shortwave radiation, the Rapid Radiative Transfer
Model for longwave radiation, the WRF single-moment
3-class for microphysics, and the Noah scheme for land
surface depiction. These options or other comparable
ones are typically used for such applications (e.g.,
Viswanadhapalli et al. 2017). Both model domains utilize 39 vertical levels, with the model top situated at a
pressure level of at 50 hPa and the lowest model level at
approximately 30 m above the ground level. The initial
and boundary conditions are obtained from the NCEP’s
final operational analyses data at 18 3 18 resolution. The
simulations were carried out for a 1-yr period starting
from September 2015. The selection of this period was
based on the availability of observational data for
comparison.
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TABLE 1. Selected PBL and surface layer schemes.

PBL scheme

Surface layer scheme

ACM
YSU
MYJ
QNSE

MM5 similarity Monin–Obukhov
MM5 similarity Monin–Obukhov
Eta similarity Monin–Obukhov (Janjíc Eta)
QNSE PBL surface layer

Surface parameters like wind, temperature, and humidity can be influenced by the choice of the boundary
layer parameterizations and model resolution, as well as
the land surface representation. To examine the sensitivity of results to various boundary layer parameterizations, simulations were made with four commonly
used schemes—Mellor–Yamada–Janjíc (MYJ), quasinormal scale elimination (QNSE), Yonsei University
(YSU), and the Asymmetric Convective Model, version
2 (ACM)—along with the surface layer schemes shown
in Table 1. The MYJ and QNSE schemes are classified
as turbulent kinetic energy closure schemes and allow
only local transport. The YSU and ACM2 schemes, on
the other hand, are widely used nonlocal schemes (details may be found in Hu et al. 2010).
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For examining the sensitivity of the results to the
different PBL parameterizations and for selecting a
suitable one, a test period was randomly selected. The
model was integrated for 54 h (the first 6 h as spinup) for
simulating the diurnal evolution for 2 days (1800
UTC 11 May 2016–0000 UTC 14 May 2016). The measured wind speeds and directions at the different AWS
locations (denoted as AWS 1, AWS 2, etc.) were compared with the simulations. For representative purposes,
sample comparisons for AWS 1 and AWS 5 located in
the middle of Qatar are shown in Figs. 2a,b, respectively.
The plots show that, for the most part, the results of all
four parameterizations are similar, although the MYJ
and QNSE results may be viewed as slightly inferior
relative to the measurements, especially during the
daytime (the diurnal effect of the PBL schemes is discussed in detail later). Regarding the other two schemes,
we resorted to the ACM, although YSU may produce
similar results.
To identify the appropriate resolution for long-term
simulations, two grid sizes were tested: 10 km 3 10 km
(considerably smaller than the 50-km resolution used by
global models) and 3.3 km 3 3.3 km. Figures 2c,d show

FIG. 2. Wind speed comparison based on different PBL schemes at locations (a) AWS1 and (b) AWS5, and
different grid resolutions at AWS1 for part of (c) May and (d) June 2016.
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FIG. 3. (top) Default land use for model domain 2. (bottom) Land use zoomed around Qatar: (left) default and
(right) modified, where A is Doha and B is Ras Laffan Industrial City.

representative results for two events, namely, 11–
14 May 2016 and 7–10 June 2016, respectively. These
correspond to a synoptically weak period during the
winter-to-summer transition (Fig. 2c) and to a synoptically strong shamal wind period (Fig. 2d). In both cases
54 h of continuous simulation was performed with oneway nesting. The plots indicate no significant difference
in between the model results, and both cases appear to
reproduce the salient features of the measurements.
Therefore, we have resorted to the 10-km grid size for
the remaining simulations in this paper.
To obtain a suitable model description of land cover,
we rely on the USGS land-use characterization (Fig. 3)

based on Loveland et al. (2000). This characterization
indicates some ‘‘shrubland’’ areas in the northwest surrounded by ‘‘barren’’ regions elsewhere. Model results
were compared with measurements at the 19 automated
weather stations. Since time series comparisons can be
influenced by random fluctuations, we examined systematic errors using the mean diurnal cycle for a 1-yr
period (September 2015–October 2016). Sample results
are shown in Fig. 4, which indicate that the simulations
reproduced measurements well at several stations (e.g.,
1, 3, 5, 6, 8, and 16). However, at the remaining stations (2, 12, 15, and 19) overestimation was seen. The
source of these discrepancies was explored. The default
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FIG. 4. Composite (annual) diurnal wind speed comparison.

land-cover characterization was based on AVHRR data
spanning April 1992–March 1993. The MODIS IGBP
20-category land-use characterization incorporates
more recent observations (circa 2000); however, our
examinations showed the two datasets to be comparable in the study area. Recent years have witnessed
considerable changes in the landscape in Qatar, including extensive urbanization and expansion of industrial facilities. For example, between 1997 and
2010, land use/land cover near the capital Doha in
Qatar appears to have increased by 280% in the builtup areas and by 426% in recreational areas, according

to Hashem and Balakrishnan (2015), who also
projected a 20% increase by 2020. We therefore attempted to manually make some adjustments based on
Google Earth images. After several trials covering grids
in various parts of the country, the region near Doha was
specified as ‘‘urban.’’ A similar characterization was
assigned to some grids in the northeast, in the vicinity of
Ras Laffan Industrial City. The modified land use is
shown in Fig. 3 (bottom right). Effectively, the roughness length in the model was altered from 0.01 m (for
sparsely vegetated areas) to 0.5 m (for urban areas). The
results showed considerable improvement at urban
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FIG. 5. Modeled winds (m s21) for 18 Sep 2015 (a) at 0300 UTC, showing a land breeze; (b) at 0900 UTC, showing a sea breeze; and
(c) an enlarged version of (b) showing detail around Qatar (AWS, red; WRF, black).

stations (e.g., at 2, 12, 15, and 19). Elsewhere, this landuse modification does not have a significant effect. In the
remaining simulations, we therefore adopt this modified
land-use description. The sensitivity of the local wind
simulation to the land-use/land-cover description (seen
in Fig. 4 for some stations) suggests that accurate representation is necessary for reproducing reliable results.

3. Analysis and discussion

predictions. In this case the sea breeze develops from
both sides of the coast and converges in the middle of the
peninsula. This can lead to the development of a zone of
upward motions in the middle of Qatar, which can
contribute to cloud formation and local convective rains
under favorable conditions. This is consistent with the
observations of Al Mamoon and Rahman (2017), who
noted the propensity for rainfall in the middle of the
country during the summer months. When the synoptic
forcing is stronger—for example, when winds with a

We consider three scenarios: 1) simulations that help
elucidate the formation of land and sea breezes, 2)
simulations of specific high-intensity Shamal wind
events, and 3) simulations to examine contrasts in the
diurnal patterns over land and water. In each scenario
we have attempted to qualitatively and quantitatively
assess model performance. We also obtain bulk statistics, such as root-mean-square error, bias, and correlation coefficients based on a yearlong comparison with
data from the 19 AWS and two offshore buoy locations.
Further, we provide indirect validation of the modeled
winds by examining their ability to reproduce observed
wave conditions through the use of a wave model.

a. Land and sea breezes
As stated earlier, land and sea breezes are dependent
on the strength of thermal gradients and synoptic forcing. High thermal gradients are typical of the summer
months. Figure 5 shows a sample simulation for this
season at a time of weak synoptic forcing for the
morning and afternoon hours. The pattern of land and
sea breezes is apparent for many parts of the gulf region
in Figs. 5a,b. On a regional scale too, the wind pattern
around Qatar, illustrated in Fig. 5c, shows the sea-breeze
dynamics clearly. The modeled wind vectors are comparable to the measurements provided by the automated weather stations, which inspires confidence in the

FIG. 6. Wind speeds (m s21) at 1200 UTC 3 Jun 2016 (AWS, red;
WRF, black).
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FIG. 7. Simulations (m s21) showing relatively constant wind direction around Qatar at (left) 0300 and (right) 1400
UTC (AWS, red; WRF, black).

magnitude of 5–7 m s21 from the northwest are present—
a sea breeze penetrating inland from the east coast
cannot fully develop because of the strong opposing
winds. The condition on 3 June 2016 is an example of
such a case (Fig. 6). The wind reversal (i.e., sea breeze)
occurs only along the southeast coast of Qatar, which is
somewhat sheltered from the prevailing winds. This
leads to the convergence zone shifting eastward (compare with Fig. 5c). When the synoptic forcing is strongest, namely, during the frequent summer shamal
events, the high wind speeds preclude the development
of clearly identifiable land and sea breezes, as can be
seen in Fig. 7. Thus, the model appears to be appropriately capturing the effects of variable synoptic forcing
in a qualitative sense; quantitatively, too, the results in
Figs. 6, 7 also are mostly confirmed by the measurements
(red vectors).

b. Shamal wind events
As noted by Rao et al. (2003), the dominant northwesterly shamal winds have distinct features in the
winter and the summer. The winter shamals (October–
March) are related to midlatitude disturbances and
frontal systems, and are characterized by abrupt and
intense winds often accompanied by thunderstorms
and high seas. Summer shamals (May–August) occur
as a result of the pressure difference between the monsoon low pressure system centered over northern India
and the stationary high pressure system centered over
the eastern Mediterranean. These pressure differences

are responsible not only for strong winds but also for
dust storms that occur during the summer months (see
Yu et al. 2016 for details).
Typically, a winter shamal system is initiated in the
northwestern part of the gulf and then spreads southeast
behind an advancing cold front. Moderate to strong
winds can suspend dust and reduce visibility. Storm
surges generated by the shamal winds, coupled with tidal
effects, can lead to several meters of sea level rise
(El-Sabh and Murty 1989). One such event occurred
2–5 January 2016. Figure 8a shows that the model was
able to capture the rapid initial increase of the wind
speed (from about 5 to 14 m s21) starting on 3 June and
the subsequent slow decline observed in the north buoy
measurements. The preceding and subsequent smaller
events are also reproduced well. A well-defined
summer shamal event occurred in June 2016. Modeled wind speeds for this event, shown in Figs. 8b,c,
bear considerable fidelity to the measurements. These
two simulations demonstrate the models’ capability to
appropriately simulate shamal events.

c. Diurnal patterns over land and water
Comparisons of model results with data from the landbased automated weather stations and ocean-based
buoys often showed differences in the diurnal patterns.
Figure 9 shows one such comparison for 9–18 October
2015. Over both land and water, the model appears to
capture the salient features of the measurements reasonably well. However, at the land-based station,
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FIG. 8. Wind speed comparison (a) during a winter shamal period at the north buoy,
(b) during a summer shamal period at the north buoy, and (c) during a summer shamal period at
the south buoy.

diurnal fluctuations on the order of 6 m s21 are seen.
These are due to thermal mixing of the atmospheric
boundary layer, as described later. Over the ocean,
though, the fluctuations occur only at low wind speeds
(right part of Fig. 9, bottom frame). At higher wind
speeds (left part of Fig. 9, bottom frame), the synoptic
features dominate, overwhelming the diurnal fluctuations. The general rise and fall of the wind speed from 10
to 15 October observed over water are seen over land as
well, as indicated by the dashed lines connecting the
diurnal peaks. However, this pattern is subsumed by the
diurnal fluctuations.
A clearer representation of the hourly fluctuations
may be obtained by estimating yearly averages for each
hour. Toward this end, the model was run for the entire
year. The results, shown in Fig. 10, indicate that the diurnal signal is predominant on land. At the location of
AWS 1 (in the middle of Qatar), the observed maximum
of 5.5 m s21 occurs approximately at 1400 UTC and the

minimum of approximately 3 m s21 at 0400 UTC. Just
after midday, solar heating and hence the surface temperature reach a peak, leading to an unstable surface
layer, the mixing of momentum, and consequently
higher surface wind speeds. During the night, as a result
of longwave cooling, a stable layer forms near the surface, which precludes mixing, leading to low surface
winds. The magnitude of the diurnal oscillation is about
2.5 m s21. Over water, in contrast, the diurnal fluctuations are considerably smaller. The model captures
these patterns in both cases, although with a slight
overestimation. These differences between land and
water locations also manifest themselves in the vertical
wind profiles. For the purpose of illustrating the diurnal
fluctuations, we choose one day, 3 January 2016, by way
of example. Figure 11 (top) shows the modeled wind
profiles for time instants corresponding typically to day
and night. The unstable surface layer and momentum
mixing lead to vertical homogeneity for both day and
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FIG. 9. Wind speed comparison at (top) AWS 1 and (bottom) the north buoy.

night over water, but only during the daytime over land.
The middle plots in Fig. 11 show the model-derived eddy
diffusivity profiles. Over land, the diffusivities are much
smaller at night than during the day, leading to greater
vertical variations in the wind speeds, as shown in the
top plots. Over water the eddy diffusivities during day
and night are essentially the same and are somewhat
similar to those over land during the daytime. This may
be attributed to higher sea surface temperatures than to
the overlaying air temperature, leading to an upward
sensible heat flux (as shown in Fig. 11, bottom), convective conditions, and vertical mixing, and hence homogeneous wind profiles. Over land at night, on other
hand, Fig. 11 (bottom) shows a downward heat flux because the skin temperatures are lower than the air
temperatures; this precludes vertical mixing and leads to
nonhomogeneous profiles. Simulations were also performed using different PBL schemes. While there were
some differences (not shown), the overall pattern produced by all schemes was similar to that shown in Fig. 11;
the absence of vertical profile data prevents a more
detailed investigation.

histograms, that is, the percent of time that wind speeds
of a specified magnitude occur. This was estimated using
model results and measured data at half-hour intervals
at the location of the two offshore buoys and the 19 landbased stations. The histograms are plotted for the north
and south buoys in Figs. 12a,b, respectively. The frequency of low wind speed occurrences are slightly underpredicted by the model. The histogram for the north
buoy (in the middle of the Arabian Gulf) shows a
slightly bimodal distribution (relative to the south
buoy), which is a typical feature of channeled flows
(Jaramillo and Borja 2004). Similar histograms are

d. Validation based on bulk parameters
It is difficult to provide detailed comparisons (such as
those shown in the previous section) for all wind events
that occurred during the year. Therefore, to assess
model performance over an extended period, bulk parameters were used. First, we consider wind speed

FIG. 10. Diurnal cycle of wind over land (red) and water (blue).
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FIG. 11. Simulated (top) vertical wind profiles and (middle) eddy diffusivity for 3 Jan
2016 night (0000 UTC, black) and day (1200 UTC, red) at AWS 1 (over land) and at the
north buoy (over water). (bottom) Modeled sensible heat flux at AWS1 and the
north buoy.
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FIG. 12. Observed and modeled histogram at the (a) north buoy, (b) south buoy, and (c) 19
AWS locations.

plotted in Fig. 12c for the 19 AWS locations. Though the
overall variations are generally well captured, the frequencies of low wind speed occurrences (,3 m s21) and
high wind speed occurrences (.13 m s21) are underestimated. On the other hand, the occurrences in the
interval 4–12 m s21 appear more frequently in the model
than in the observations.

To illustrate the directional variability of the wind,
the AWS observations are shown as wind rose plots
(Fig. 13); the same is done for WRF simulations as
well. The frequency distribution seen in the model as
well as in the observations suggests that the predominant wind direction is from the north-northwest.
While observations show greater scatter in the wind

FIG. 13. Wind rose plot (wind speed, m s21) based on the (left) 19 AWS data and (right) WRF Model.
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Bias (m s )
RMSE (m s21)
Correlation coefficient

AWS (19 stations)

Buoys (2 stations)

20.71
2.61
0.48

20.11
1.74
0.84

direction compared to the model, the northwesterly
dominance is clearly reproduced.
Statistical measures are used to compare the modeled
and observed wind speeds for the entire period of one
year for all 19 AWS locations and the two offshore locations. These are shown in Table 2. The values shown
are comparable to those reported elsewhere (e.g.,
Langodan et al. 2016). The results shown in the table
also suggest better model performance at the offshore
buoy locations than at the land-based AWS locations.
This is not surprising, since model parameters (the
complicated land-use descriptors, the associated nonhomogeneous friction coefficients, etc.) are difficult to
accurately represent over land compared to the ocean.
As seen from the bias, an overestimation of wind occurs
over both land and water; however, the bias is much
lower over water compared to that over land. The diurnal variation in the bias is plotted in Fig. 14 for AWS

location A1 (as an example of overland model performance) and for the north buoy (over water). The dependence of the bias on the choice of the PBL schemes is
also shown. It is obvious that all schemes lead to overprediction. Overprediction of this kind has by reported
by other researchers as well (e.g., Zhang et al. 2013;
Hariprasad et al. 2014; Madala et al. 2016). The overprediction is significant during the daytime (when convective condition are expected to prevail over land)
while using the local schemes. This can be attributed to
the deficiencies of local PBL schemes in highly convective conditions because, during the daytime, large eddies
prevail and local schemes rely on only the characteristics
relating to the immediate proximity of a given point. A
scheme relying on nonlocal mixing (which better represents the large eddies) would be expected to yield
better performance, as confirmed by Fig. 14. During the
nighttime all schemes yield similar results and somewhat
less overprediction. At the location of the north buoy
(i.e., over water), all the schemes show similar performance. During the nighttime the model marginally
overpredicts the wind speeds and during the daytime
underpredicts them. The pattern of bias at this location
is different from that over land. This diurnal difference
in bias is indicative of the performance of the local and

FIG. 14. Diurnal cycle of wind bias for different PBL schemes (top) over land and (bottom)
over water.
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FIG. 15. Comparison of (right) wind speed and (left) SWH for (a)–(d) 7–17 Oct 2015, (e)–(h) 3–13 Feb 2016, and
(i)–(l) 17 May–7 Jun 2016.

nonlocal PBL schemes’ performance relative to atmospheric stability.

e. Wind validation using wave simulation
The wave conditions needed for many practical applications, such as maritime safety, offshore design,
wave energy studies, etc., are generally estimated
through the use of wave prediction models forced by
winds [see Etemad-Shahidi et al. (2011) and Liao and
Kaihatu (2016) for such studies in coastal regions of the
Arabian Gulf]. It is generally recognized that errors in
wind fields tend to be a major cause of errors in predicted wave fields (e.g., Signell et al. 2005; Bhaskaran
et al. 2013). The availability of wave data at two offshore
buoys therefore serves as an opportunity for indirect
validation of the reliability of the wind simulations for

practical uses. A wave simulation of 1-yr duration was
performed using the Simulating Waves Nearshore
(SWAN) model (Booij et al. 1999). SWAN is a thirdgeneration wave model specifically designed for simulating waves in shallow waters and accommodates
wind-induced wave generation, energy transfer caused
by quadruplet and triad wave–wave interaction, and
dissipation caused by breaking and bottom friction. The
model is widely used for various applications, such as
siting aquaculture operations (Panchang et al. 2008) and
offshore oil platforms (Panchang et al. 2013), wave
forecasting (Singhal et al. 2010), etc.
For running the wave model, the Arabian Gulf region
was discretized into 315 3 315 grids with 20 3 20 resolution, and the computational time step was selected to
be 30 min. The model was forced with WRF winds (see
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TABLE 3. Wave model performances based on wave height comparison.
North buoy

South buoy

Statistic

Observed

Modeled

Error

Observed

Modeled

Error

Mean (m)
Bias (m)
RMSE (m)
Correlation coefficient
99th percentile

0.77

0.72

0.49

0.5

2.8

2.34

0.05
0.04
0.06
0.91
0.46

1.5

1.45

0.01
20.01
0.06
0.89
0.005

section 2). Significant wave height (SWH) data from the
two offshore buoys have been used to evaluate model
performance qualitatively and quantitatively. For demonstration, three periods characterized by high wind
speeds are chosen. The first two periods correspond to
winter shamal conditions (Figs. 15a–d, 15e–h, respectively) that cover a period of approximately 10 days,
and the third period to a summer shamal (Figs. 15i–l) that
covers a whole month. In all cases, the patterns in the
wave field appear to follow the patterns in the wind fields.
However, the wave heights at the south buoy are approximately half those at the north buoy, in spite of the
wind speed being about the same at both locations. The
comparisons shown in Fig. 15 indicate that both the wind
model and the wave model yield satisfactory simulations.
Modeled and measured significant wave heights are
compared in Table 3, which suggests that there is a good
match with the model results and observations at the
north buoy. The high correlation coefficient, the low
mean absolute deviation, the low bias, and the low
root-mean-square difference suggest that the model
performance is reliable for most practical applications. A
detailed investigation revealed that the maximum underestimation of about 0.46 m occurs in the 99th percentile
(i.e., the underestimation is largely at the peaks). The deviation between the modeled and observed wave heights at
the south buoy is somewhat higher than at the north buoy
(Table 3), but in both cases the model appears to capture
the salient features of the measurements reasonably well.
The mean wave height at the north and the south buoys are
0.77 and 0.49 m, respectively. The lower wave climate near
the south buoy may be attributed to fetch limitations. The
effect of fetch-limited wind-wave generation on the eastern side of Qatar is also reported by Liao and Kaihatu
(2016).The wave field near the south buoy is influenced by
more rapid fluctuations in the winds—that is, land and sea
breezes—which are more prominent than in the vicinity of
the north buoy (where synoptic features tend to prevail).

4. Mean wind conditions in and around Qatar
The assessment of model performance demonstrated
in the previous section inspires confidence in the

simulations that can then be used for various applications. The results are therefore used to determine
monthly mean wind features that can serve, for example, as input to contaminant transport models (e.g.,
Elhakeem et al. 2015). For the entire Arabian Gulf, Zhu
and Atkinson (2004) have observed sea-breeze and land
breeze circulations to be a perennial feature with vertical and horizontal extent varying seasonally and diurnally. On the local scale, a systematic climatological
analysis of sea-breeze and land breeze circulation was
done by Eager et al. (2008) for the UAE region. In
Qatar, using observations from one coastal location,
Singha and Sadr (2012) examined the diurnal variations for one month (June 2011) from the perspective
of atmospheric turbulence; however, studies with
greater spatial coverage are lacking and are hence
addressed below.
As stated by Zhu and Atkinson (2004), the Arabian
Gulf experiences four main periods with distinct tropospheric circulations. The winter season (November–
February) is characterized by northwesterly winds. The
summer season (June–September) is influenced by an
extension of the Indian monsoon low. The March–May
period and October represent the transition periods
without strong circulations. From the full-year simulations performed, here we choose October 2015, January
2016, April 2016, and July 2016 to show the mean
characteristics as representative of the four periods.
The overall monthly averages (for all 24 h) as well as the
monthly averages for the early morning (0300 UTC) and
afternoon (1400 UTC) were calculated. These are displayed in Fig. 16 in and around Qatar. It can be seen that
during October, the mean condition is calm and not
characterized by any dominant circulation pattern. The
figure shows a flow reversal along the coast during the day
(i.e., the land /sea-breeze effect is pronounced). Along the
coast of Qatar, there is a band of very low wind speeds in
the morning. This is due to the land breeze opposing the
mean flow pattern. In the afternoon hours, a sea breeze is
clearly dominant, particularly on the east coast.
In January, the mean flow is considerably stronger
(5 m s21) than in October and in fact it is higher than in
the other months. This precludes the development of
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FIG. 16. Monthly mean (m s21) of hourly WRF wind simulations.

meaningful land breezes, especially on the west coast.
The afternoon hours see a shift in the winds toward the
south. Relative to January, April sees a decline in the
northwesterly wind flow. Wind reversal between night
and day is apparent, with a significant sea-breeze effect
on the southern Arabian Gulf coast. In the morning
hour, the western side of Qatar is calmer than the eastern side. In the afternoon, both coasts of Qatar experience sea breezes and there is a tendency toward
convergence in the southern part of country. In July
(summer) southerly winds dominate in terms of the
mean. The morning and afternoon hours experience
conditions similar to the winter, but there is a greater
propensity for sea breezes to develop.
In general, the Arabian Gulf and the peninsula of
Qatar experience land/sea breezes throughout the year.
Sea breezes are more predominant than land breezes as
result of the high land/sea temperature contrast during
the daytime (vide supra). The strength of sea breeze is

greater during the summer than during the winter. The
results for the complete model domain (not shown) indicated that the southern coast of the Arabian Gulf is
more conducive to sea breezes throughout the year. In
Qatar, in the summer, under favorable conditions, sea
breezes develop on both coasts and wind convergence
occurs in the middle of the peninsula.

5. Summary and conclusions
To provide wind information for various applications
in and around Qatar, the WRF Model has been used
after testing appropriate grid sizes, boundary layer parameterizations, and land-use/land-cover specifications.
While a 1-yr simulation confirms that land and sea
breezes and the shamal winds dominate the wind pattern
on this peninsula, the configurations used have resulted
in capturing reliably the spatial and temporal variability.
Several individual land breeze/sea-breeze cases were
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identified, and a comparison using data at the 19 AWS
locations showed realistic model performance, including
convergence in the middle of the country when the
large-scale winds are favorable. Similarly, significant
shamal wind events were also reliably reproduced, based
on data from offshore buoys. The seasonal characteristics of land and sea breezes are identified and described.
The differences in the diurnal evolution of the wind at
inland and ocean locations were examined. The sensitivity of PBL parameterization to surface wind bias was
examined. Over land, nonlocal schemes were proven to
be superior to local schemes, especially during the daytime when highly convective condition prevail. The land
locations showed high diurnal variation compared to
offshore locations. This may be attributed to a thermally
unstable boundary layer leading to vertical homogeneity,
and it was affirmed by the model (Fig. 11). The yearlong
surface winds at the 19 AWS locations and the two buoy
locations show RMSEs of 2.6 m s21 on land and 1.7 m s21
over water; these are similar to other studies (e.g.,
Viswanadhapalli et al. 2017). The usefulness of the modeled winds has been demonstrated by using them to force a
coastal wave model; the similarity of the resulting wave
heights to observations serves as an indirect verification of
wind simulations. The results lend confidence to the expected use of this model configuration for ocean forecasting
purposes (for modeling contaminant transport, for maritime safety, etc.), as well as terrestrial forecasting (e.g., for
modeling dust transport, which is important in this region).
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