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Abstract: 36 

 37 

We investigate the dynamical and thermodynamical characteristics of a severe weather 38 

event that caused heavy wind and rainfall over Mecca, Kingdom of Saudi Arabia on 11 39 

September 2015 using available observations and the Weather Research and Forecasting 40 

model configured at 1-km resolution. Analysis of surface, upper air observations and 41 

model outputs reveal that the event was initiated by synoptic scale conditions that 42 

intensified by interaction with the local topography, triggering strong winds and high 43 

convective rainfall. The model predicted well the observed characteristics of both rainfall 44 

and winds, accurately predicting the maximum wind speed of 20 - 25 ms
-1
 that was 45 

sustained for about 2 h. Time series analysis of various atmospheric variables suggests a 46 

sudden fall in pressure, temperature and outgoing long wave radiation before the 47 

development of the storm, followed by a significant increase in wind speed, latent and 48 

moisture fluxes and change in wind direction during the mature stage of the storm. The 49 

model outputs suggest that the heavy rainfall was induced by a low-level moisture supply 50 

from the Red Sea combined with orographic lifting. Latent heat release from 51 

microphysical processes increased the vertical velocities in the midtroposphere, further 52 

increasing the low-level convergence that strengthened the event.   53 

 54 

Keywords: Mecca region; Storm; Strong winds; Rainfall; Orography; Red Sea moisture; 55 

High-resolution model 56 

 57 
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1. Introduction 58 

 59 

The city of Mecca in the Kingdom of Saudi Arabia is visited by 35–40 million Muslims 60 

every year, with several million visitors concentrating during the two-week Hajj period. 61 

The topography of the Mecca area is made complex by sitting 277 m above sea level with 62 

terrain heights ranging between 82 and 982 m above sea level. Interactions between the 63 

wind flow and the topography generate abrupt changes in wind speed and direction that 64 

can produce extreme wind events (Subyani, 2011; Dawod et al., 2013; Orr et al., 2014). 65 

Rees et al., (2000) suggested that topography influenced gravity waves can move over 66 

steep mountains, cliffs and outcrops and may result in surface fluctuations of wind, 67 

temperature and pressure.  On 11 September 2015, a sudden increase in the wind speed 68 

over a brief period of time (~1 hour) together with severe rainfall caused the collapse of a 69 

high-elevated crane, killing 111 people and injuring 394 others. Mecca has experienced 70 

other heavy rainfall events that have created a dangerous environment for the crowds that 71 

gather there (e.g., January 2005 and 2008) (Subyani, 2011; Dawod et al., 2013). The 72 

ability to accurately assess weather conditions in the Mecca area could help reduce losses 73 

and minimize consequences caused by natural disasters, particularly during the high-74 

traffic period of Hajj.  75 

Each extreme weather event is triggered by a unique combination of nonlinear 76 

interactions between several environmental factors (Kolstad et al., 2015), including large-77 

scale atmospheric conditions, location, topography and alignment (Webster et al., 2008; 78 

Subyani, 2011; Orr et al., 2014). Interactions of winds with mountains, valleys and 79 
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coastlines may trigger various weather responses, such as sea/land breezes, lee buoyancy 80 

waves, lee vortices, downslope windstorms and mountain gap flows. Meanwhile, 81 

atmospheric turbulence is driven by strong vertical wind shear and/or low-static stability 82 

caused by the gustiness that is found primarily in the atmospheric boundary layer and 83 

sometimes near the upper-level jets (Webster et al., 2008, Orr et al., 2014). These 84 

extreme wind gusts are related to intense turbulence and areas of strong pressure 85 

gradients (Ter Maat et al., 2006; Webster et al., 2008; Orr et al., 2014). Although there 86 

are several theories that describe how extreme winds form (Turner et al., 2009; Chenoli 87 

et al., 2013), in many cases they are caused by convective downbursts from isolated 88 

thunderstorms. Nevertheless, the orography can increase convection and is therefore 89 

expected to trigger stronger winds (Banta, 1990).  90 

Extreme weather phenomena usually occur at horizontal length scales of few tens 91 

of kilometers and thus require very high-resolution mesoscale models to resolve their 92 

complex dynamical and physical features (Powers, 2007; Webster et al., 2008). For 93 

example, to resolve coastal boundaries between land and sea, and to distinguish different 94 

urban properties and orography, a high-resolution grid is necessary (Banta, 1990; Chenoli 95 

et al. 2013). The Weather Research and Forecasting (WRF) model is a state-of-the art 96 

mesoscale model equipped with advanced dynamical and physical parameterizations. 97 

This model has been used to simulate and predict extreme weather events on several 98 

scales (e.g., Smith and Barstad, 2004; Caroletti and Barstad, 2010; Andrade et al., 2011; 99 

Ball, 2011; Vicente-Serrano et al., 2011; Fragoso et al., 2011; Mukhopadhyay et al., 100 
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2011; Couto et al., 2012; Hari Prasad and Salgado, 2013; Raju et al., 2013; Yesubabu et 101 

al., 2015). Most of these studies have focused on the sensitivity of the model to resolve 102 

different physical processes contributing to convective systems. The studied extreme 103 

event occurred during the summer period, which is unusual for the region. Precipitation 104 

in Saudi Arabia is scarce, infrequent, and generally associated with winters from October 105 

to April (Almazroui, 2011). Previous studies (e.g. Kahana et al., 2004; Krichak et al., 106 

2012; De Vries et al., 2013; Yesubabu et al., 2015) investigated extreme winter rainfall 107 

events in the region, showing that these are highly dependent on southeastward 108 

propagation of a synoptic-scale system from the Mediterranean, called the Red Sea 109 

Trough (RST). In this study, we use a 1-km resolved WRF model to investigate the 110 

mechanisms that triggered the extreme winds and rainfall on 11 September 2015 over the 111 

Mecca region. We compare the results of the model with surface and upper air 112 

observations and with satellite images to test the ability of the model to explain the 113 

physical and dynamical characteristics of this event. After validating the model, we use it 114 

to simulate high-resolution temporal and spatial atmospheric fields comparable to those 115 

generated during the event to explain the mechanisms that triggered it. 116 

The paper is organized as follows: Section 2 describes the methodology and the 117 

details of the model and data, Section 3 provides an observational analysis of the extreme 118 

weather event and Section 4 discusses the results of the model. In Section 5, we 119 

summarize the implications of the results and provide some suggestions for future work.  120 

 121 

Page 5 of 43

http://mc.manuscriptcentral.com/metapps

Meteorological Applications



For Peer Review

6 

 

2. Model, Data and Methodology 122 

We used the Advanced Research WRF (ARW, Skamarock et al., 2008) model version 123 

3.7.1, which is a limited area, non-hydrostatic primitive equations model that offers 124 

multiple physical parameterization schemes. It is composed of two, two-way interactive 125 

nested domains with horizontal resolutions of 3 km and 1 km. The model was designed 126 

with 37 vertical levels throughout the atmospheric column; 15 levels were in the lower 127 

troposphere to accurately represent the characteristics of the boundary layer. Our physical 128 

model included the Mellor-Yamada-Janjic turbulent kinetic energy model (Foreman 129 

and Emeis, 2012) for boundary layer processes, the Milbrandt and Yau 2-moment scheme 130 

(Milbrandt and Yau, 2005a,b) for microphysical processes, the Noah land surface scheme 131 

(Chen and Dudhia, 2001) for surface processes, the rapid radiation transfer model for 132 

long-wave radiation (Mlawer et al., 1997) and the Dudhia (1989) scheme for short-wave 133 

radiation. The topography, land-use and soil types were interpolated from data taken from 134 

the United States Geological Survey. The model was initiated at the National Centers for 135 

Environmental Prediction Global Forecasting System fields, available at 0.25
o
 grid, and 136 

the boundary conditions were updated every 3 h. Only model outputs with a 1-km 137 

resolution were considered for analysis and discussion.  138 

  Surface and upper-air observations (synoptic charts) were obtained from the 139 

Presidency of Meteorology and Environment (PME) in Saudi Arabia. The 140 

thermodynamic profiles (Skew-T diagrams), convective available potential energy 141 

(CAPE) and precipitable water at the King Abdulaziz International Airport (21.42°N, 142 
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39.11°E) were obtained from the University of Wyoming’s Department of Atmospheric 143 

Science data (http://weather.uwyo.edu/upperair). Precipitation data with high temporal 144 

(every 30 minutes) and spatial resolution (0.1°×0.1°) were taken from the Global 145 

Precipitation Measurement mission. These data were collected by NASA as part of an 146 

international satellite mission to provide next-generation observations of global rainfall 147 

and snow (Huffman et al., 2015). High temporal resolution (every 30 min) cloud imagery 148 

from EUMETSAT (http://www.eumetsat.int/website/home/index.html) and Moderate 149 

Resolution Imaging Spectraradiometer (MODIS) satellite imageries were used to 150 

describe the evolution of clouds throughout the event.  151 

3. Results and Discussion 152 

3.1 Synoptic evolution of the event 153 

To understand the synoptic evolution of the extreme weather event on 11 September 154 

2015 over Mecca, the surface analysis charts from PME were analyzed at 6 h intervals 155 

from 0000 UTC of 11 to 0000 UTC of 12 September 2015 (Fig. 1). A low-pressure 156 

system (1006 hPa) was observed to concentrate over the Mecca region at 0000 UTC of 157 

11 September (Fig. 1a), while all but western Saudi Arabia was surrounded with a 1010 158 

hPa contour. This low-pressure area extended westward over the Red Sea. Six hours later 159 

(at 0600 UTC), this low-pressure system narrowed and split into two low-pressure 160 

systems in the east-west direction (20°N–25°N). At this time, the high-pressure systems 161 

were located in the northern (30°N–50°N) and southern (10°N–15°N) parts of Saudi 162 

Arabia (Fig. 1b). The northern high-pressure system was stronger than the southern 163 
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system, with a pressure gradient of around 20 hPa. At 1200 UTC, the pressure had 164 

dropped from 1010 to 1004 hPa over most of Mecca and an even lower pressure system 165 

was recorded over southern Mecca (Fig. 1c). By 1800 UTC, the low-pressure system had 166 

increased by 2 hPa over the Mecca region, while another isolated high-pressure system 167 

(1008 hPa) was observed (Fig. 1d) over the Red Sea. Thus, within 6 h, between 1200 and 168 

1800 UTC on 11 September, the pressure over Mecca dropped while the pressure around 169 

the Mecca region increased, creating a sharp pressure gradient. Because wind speed 170 

increases along the strongest horizontal pressure gradient (Sun et al., 2013), a high 171 

pressure was recorded at the 850 hPa over northern Mecca, with a geopotential height of 172 

1560 gpm at 0000 UTC (Fig. 2a). At 1200 UTC, the height of the geopotential decreased 173 

by approximately 30 gpm to 15 gpm over the whole region (Fig. 2b). Similarly, a sharp 174 

zonal geopotential gradient of 25 gpm was evident between 20°N–23°N, indicating a cold 175 

air intrusion from the Red Sea toward Mecca.  176 

The skew-T diagrams for Jeddah station (70 km south of Mecca) on 11 September 177 

2015 show considerable weather disturbance between 0000 and 1200 UTC (Fig. 2c and 178 

d). At 0000 UTC, weak winds dominated the entire troposphere (outlined in the right 179 

panel of Fig. 2c) but at 1200 UTC, abrupt changes in wind speed (Fig. 2d) were observed. 180 

These weather patterns suggest the likelihood that a convective storm could be expected 181 

within a few hours.   182 

The abrupt increase in CAPE on the day of the event from 1300 J.Kg
-1
 to 2800 183 

J.Kg
-1
 between 0000 UTC and 1200 UTC (Fig. 2d) is also suggestive of unstable 184 

Page 8 of 43

http://mc.manuscriptcentral.com/metapps

Meteorological Applications



For Peer Review

9 

 

atmospheric conditions that are favorable for triggering a convective storm (Cotton et al., 185 

2011). In addition, we observed a large amount of precipitable water, about 46 Kg.m
-2
 at 186 

1200 UTC, reflecting the moisture availability in the atmosphere. These observations 187 

confirm the instability of the atmosphere, holding a large amount of moisture over the 188 

study region at the time of the convective storm. Surface observations from Mecca station 189 

also showed a sudden increase in wind speed, from 3 ms
-1
 to 15 ms

-1
, and in wind gust, 190 

from 5 ms
-1
 to 24 ms

-1
, at around 1400 UTC and continuing for roughly an hour (Fig. 3a). 191 

Thereafter, the wind speed decreased back to a few meters per second. Note that when 192 

wind speed increased, temperature also rapidly increased, reaching up to 40 °C before the 193 

storm and then decreasing to approximately 20
°
C during the storm (Fig. 3b). 194 

Coincidentally, relative humidity (RH) increased from 20% to 95% (Fig. 3b), and wind 195 

speed increased as mean sea level pressure fell by over 4 hPa (Fig. 3c). We posit that the 196 

sudden fall in air pressure triggered high-speed winds, which in the presence of abundant 197 

moisture, created the instability that led to a heavy rainfall and strong convection currents 198 

and outflow wind gusts over Mecca. 199 

Cloud imagery from EUMETSAT shows well-organized convective cloud 200 

coverage between 1500 and 1630 UTC over the Mecca region (Fig. 4). Similarly, the 201 

near real time MODIS satellite imagery also indicates a clear spiraling structure of 202 

massive convective cloud passing over Mecca, with an impressive conflagration of storm 203 

in the mountains surrounding the region. This type of storms is certainly capable of 204 

producing strong outflow wind gusts. Further, the temporal evolution of cloud coverage 205 
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suggests a deep convection isolated over the Mecca region for about one hour and before 206 

it slowly dissipates and reaches stable conditions (Fig. 4a-d). Over 24 hours, the global 207 

precipitation measurement data found that about 40 mm fell over Mecca on 11 September 208 

2015 (Fig. 5a). The rainfall time series (Fig. 5b) shows that maximum rainfall occurred 209 

over one hour during the mature stage of the convective storm, around 1600 UTC. It also 210 

suggests that the storm was highly localized to a 3 h lifetime, between 1400 and 1700 211 

UTC, with essentially no rainfall before or after the storm. 212 

These surface, upper air and satellite observations clearly show the development 213 

of a storm with gale-force winds. To better understand the dynamics and thermodynamics 214 

of this extreme weather event, in the next section we analyze the outputs of a WRF 215 

configuration taken over the region. 216 

3.2. Numerical analysis of extreme weather event  217 

We analyzed WRF outputs to study the evolution of the dynamics and thermodynamics 218 

of the convective storm. We focused on analyzing rainfall, potential temperature, zonal 219 

and meridional wind components, relative vorticity, vertical velocity, radar reflectivity, 220 

vertically integrated moisture flux, latent heat flux, upward ground flux, water vapor 221 

content, outgoing long wave radiation, cloud coverage and various hydrometeors to 222 

explain the possible mechanism behind the formation of the extreme weather event of 11 223 

September 2015.  224 

The surface heating that is associated with mesoscale fluctuations has been shown 225 

to be central to how convection develops (Robinson et al., 2011). We used the model to 226 
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simulate time-height cross sections for temperature, potential temperature, zonal wind 227 

and meridional wind. The temperature profile shows that the surface warmed up by 3
°
C 228 

(warm anomalies) prior to the event and then suddenly fell by about 5
°
C at the peak of 229 

the event in the boundary layer (surface to 700 hPa) (Fig. 6a). The vertical gradient that 230 

appeared between 1400 and 1600 UTC, led to a highly unstable atmosphere (Fig. 6b). 231 

These changes in temperature induced a surface flow that would be influenced by local 232 

topography. The noticeable sudden change in the wind direction, which disturbed the 233 

lower tropospheric winds (at 900 hPa), from Westerlies to Easterlies at the surface 234 

between 1400 and 1600 UTC were well reproduced by the model (Fig. 6c).  Similar 235 

changes were also observed in the meridional component of the wind field (Fig. 6d). We 236 

plotted a skew-T diagram at 1200 UTC using data from both the model and observations 237 

(Fig. 7). The model successfully captured the build up of CAPE (convective instability) 238 

(3200 J.Kg
-1
), and the wind speeds (outlined in the right panel of Fig. 7) were comparable 239 

with those from the observations. By plotting winds at 10 m at different times against the 240 

topography, we found that at 1500 UTC, the westerly winds blew in from the Red Sea 241 

and from both the northern and southern sides of Mecca (Fig. 8). The divergent flow 242 

associated with the stalled high-pressure system were also clearly visible, such that after 243 

one hour of simulating opposite winds of easterlies behind the mountains, the divergent 244 

winds (previously located north of Mecca) moved south toward Mecca. Next, the model 245 

simulated strong gusty winds with magnitudes of about 20–25 m.s
-1
, and after 30 246 

minutes, the high-pressure system moved westward (towards the Red Sea) over the 247 
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Mecca region blocking gusty winds within a small region over the Mecca area. This high-248 

pressure system caused the coastal northwest winds and strong eastward winds (around 249 

90 ° to the coastal winds) to interact and become gusty. In addition, channeling flow from 250 

the Red Sea toward Mecca brings moisture and triggers convective instability in the 251 

atmosphere.  252 

The time series of model wind direction, wind speed, sea level pressure, surface 253 

temperature, water vapor flux, sensible heat flux, latent heat flux, upward ground flux 254 

and outgoing long wave radiation over Mecca are plotted in Fig. 9. The wind direction 255 

shows that southwesterly winds (Fig. 9a) prevail during the development stage of the 256 

storm (until 1300 UTC). Its direction then suddenly changes to northeast and persists for 257 

the next three hours during the mature stage of the storm (1300 UTC to 1600 UTC). 258 

Wind speed (Fig. 9b) also shows a sudden increase in its intensity, from around 4 ms
-1
 to 259 

13 ms
-1
, that sustained for about two to three hours. After the storm, the intensity of the 260 

wind speed stretches to lower values of about 2-3 ms
-1
.MThe model further simulated a 261 

rapid fall by about 4 hPa in sea level pressure (Fig. 9c) within a two hour period, and an 262 

increase in surface temperature (Fig. 9d) up to 39 
o
C until 1300 UTC followed by a 263 

sudden fall by about 9 
o
C in the next two hours, in agreement with the observations (Fig. 264 

3). Likewise, the amount of water vapor (Fig. 9e) and the upward heat flux (Fig. 9f) in 265 

the atmosphere remains stable until 1300 UTC, after which it suddenly increases before 266 

the development of the storm and finally reaches its minimum after rainfall. In contrast, 267 

the moisture flux (Fig. 9g) and latent heat (Fig. 9h) fluxes are minimum between 0900 268 
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UTC and 1300 UTC, and then suddenly increase during the mature stage of the storm. 269 

The downward long wave radiation (Fig. 9i) increases gradually from 0900 UTC to 1300 270 

UTC, and reaches its maximum during the mature stage of the storm and it is minimum 271 

after rainfall. Outgoing long wave radiation exhibits low values during the mature stage 272 

of the storm, suggesting the formation of convective clouds. Before and after the storm, 273 

the high values of outgoing long wave radiation indicate no presence of clouds.  274 

 The complex topography in this region interacts with the winds generated, 275 

resulting in abrupt changes to wind speed and direction (Webster et al., 2008; Subyani, 276 

2011). The model simulated horizontal wind speed at the time of the peak of the storm 277 

showed that the winds diverged in all directions over Mecca (Fig. 10a). Furthermore, the 278 

longitude-height section of winds relative to the topography of the Mecca area at the 279 

mature stage of the storm showed that the wind magnitude increased strongly at the 280 

foothills of the mountains. A similar pattern is also noticeable in the height-section of the 281 

winds along Mecca’s latitude. This suggests that the winds are constrained to about 15 282 

km horizontally and to about 5 km vertically. The flow pattern suggest that the orography 283 

caused the winds to uplift. The height-section of the equivalent potential temperature 284 

exhibits a narrow trough-shaped alignment (Fig. 10b) at the windward side of the 285 

mountain. The strong vertical gradient of the equivalent potential temperature 286 

(approximately 10 K from 0 to 2 km) favors the development of a strong convection 287 

current. A strong narrow convective tower is also seen in the model predicting radar 288 

reflectivity over the mountains (Fig. 10b). This clearly indicates that the orographic lift of 289 
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the winds, decrease in temperatures and increase in relative humidity triggered 290 

convection and formed convective clouds over a narrow region, which ultimately led to 291 

the rainfall and the gusty winds. It is well accepted that when wind blows approaches 292 

mountains, it is forced upward and as it rises, the air parcel cools, the vapor condenses, a 293 

cloud forms and heavy rainfall results. To further investigate the dynamical response of 294 

the wind flow to the terrain, we computed the Froude number, the non-dimensional ratio 295 

of U/Nh. This ratio mainly depends on the strength of the cross�barrier component of the 296 

upstream airflow, the degree of thermodynamic stability of the oncoming flow, and the 297 

height of the terrain barrier (Smolarkiewicz and Rotunno, 1989). Here, U is the strength 298 

of the mean flow, h is the maximum terrain height and N is the Brunt�Väisälä frequency. 299 

The Brunt-Vaisala frequency is defined as ���
��
���

�
�
, where g is the gravitational 300 

acceleration, M is the potential temperature at the surface, and 
��
�� represents the change 301 

of potential temperature from the surface to the top of the mountain (i.e. the static 302 

stability). This Froude number commonly used to investigate the nonlinear effects of the 303 

wind flow when it interacts with the terrain (Smolarkiewicz and Rotunno, 1989; Baines, 304 

1995; Houze, 2012). A high Froude number refers to the situation when the wind flow 305 

can easily rise over a barrier, hill, or mountain terrain in our case. A small Froude number 306 

means that the wind flow is blocked by the barrier, and the wind flow is forced to move 307 

in parallel to the barrier. In our case, the mean cross-barrier flow is about 18 m/s, the 308 

mean mountain height is about 1200 m, and the computed Brunt-Vaisala frequency of 309 
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0.38. This results in a low Froude number equal to 0.04, which clearly indicates a 310 

complete blockage of wind flow due to mountains and ascends the air due to orographic 311 

lifting. Our analysis evidences that the orography of the area induced atmospheric 312 

instability (vertical motions), contributing considerably to the generation of deep 313 

convection. The model shows that the radar reflectivity (Fig. 11) remained above 52 dBz, 314 

indicating that an isolated, strong convection current (strong updrafts) formed over 315 

Mecca between 1500 and 1530 UTC; this result agrees with the isolated rainfall predicted 316 

at the same time (Fig. 12). After one hour, the winds calmed down and the high-pressure 317 

system slowly returned to normal conditions.  318 

Height-longitude cross-sections of wind speed, humidity and vertical velocities 319 

along Mecca latitudes are presented in Figure 13 at the mature stage of the storm. The 320 

magnitude of the horizontal winds (Fig. 13a) is significantly increased up to 18 - 20 321 

m/sec at around 39.9 °E, extending vertically about to 2.5 - 3 km.  Adjacent to these 322 

stronger horizontal winds, the vertical winds (Fig. 13c) are also enhanced and ascended 323 

upward due to orographic lifting. The increased horizontal and vertical winds in the 324 

windward side, associated with a low Froude’s number, could be attributed to the 325 

dynamic response to the orographic lifting. The east-west cross section of relative 326 

humidity (Fig. 13b), an essential factor for convection, also shows an increased upward 327 

humidity (Fig. 13b), reaching up to 90 - 95% at 4 - 6.5 km altitude over the Mecca 328 

region.  329 
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Time-height sections of model relative humidity (RH), water vapor amount, 330 

relative vorticity, vertical winds, radar reflectivity and cloud coverage over Mecca are 331 

presented in Figure 14. The RH values are minimum at the surface from 0900 UTC to 332 

1300 UTC after which it reaches saturation (Fig. 14a) and extends vertically up to 8 km 333 

height. At the same time, the water vapor amount (Fig. 14b) gradually accumulates 334 

before the storm and reaches its maximum during the mature stage of the storm. The 335 

predicted vorticity and associated vertical winds (Fig. 14c) during the peak stage of the 336 

storm increase gradually from the surface up to the mid troposphere. Similarly, radar 337 

reflectivity and cloud coverage (Fig. 14d) are high and confined to a small region at 338 

around 1500 UTC, indicating that the orographic driven storm is highly isolated and 339 

intensified. It is also observed that the vertical winds suddenly increased in the mid-340 

troposphere along with a sudden increase in vorticity in the middle and lower troposphere 341 

at around 1500 UTC. In the lower troposphere, the RH was around 50–70% throughout 342 

the day, but at 1500 UTC, a rapid increase (more than 90%) and strong upward pumping 343 

took place in the upper troposphere where the convective storm was more active. The 344 

sudden fall in the potential temperature in the lower troposphere suggested by the model 345 

is indicative of an unstable atmosphere during the peak of the storm. These basic 346 

characteristics and their development with the mesoscale convective storm were well 347 

reproduced by the model.  348 

Microphysics and dynamics interact to cause vigorous convection currents and 349 

strong winds during severe local storms (Houze et al., 2007; Mukhopadhyay et al., 2011; 350 
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Tao et al., 2012). The vertical mass-mixing ratios for cloud ice (Fig. 15a), cloud water 351 

(Fig. 15b) and rainwater (Fig. 15c) during the event are plotted in Fig. 15. Results shows 352 

a development of frozen hydrometers (cloud ice) as well as liquid hydrometers (cloud 353 

water and rainwater) with respect to the height and time. It is observed that more cloud 354 

ice accumulates (up to 0.01 g. kg
-1
) in the upper levels (200 hPa) before it precipitates. 355 

Prior to the peak time of the event, between 1530 and 1400 UTC, a maximum amount of 356 

cloud ice formed. But, as precipitation falls, latent heat releases, reducing the amount of 357 

cloud ice. The presence of more cloud ice forms greater mixed-phase hydrometers due 358 

autoconversion (Tao et al., 2012) and intensifies precipitation (Houze et al., 2007; 359 

Mukhopadhyay et al., 2011). In our model, more cloud water (Fig. 15b) was simulated 360 

around 500 hPa, where heating takes place, and more cloud water was produced during 361 

the peak of the event (up to 0.035 g. Kg
-1
). The latent heat that is released when cloud 362 

water converts to rainwater influences the mid-level heating that strengthens the event 363 

(Lord et al., 1984, Lord and Lord, 1988; Houze et al., 2007; 2015; Rasmussen et al., 364 

2014). The vertical distribution of hydrometers shows maximum rainwater in the lower 365 

troposphere, whereas more cloud water is simulated in the middle troposphere at 1530 366 

UTC. The increase in rainwater is mainly due to the increase in mixed-phase 367 

hydrometers.  368 

The evolution of the cloud microphysics associated with any extreme weather 369 

event is mainly a feedback from mesoscale dynamics (Kumar et al., 2014; Rasmussen et 370 

al., 2015); for example, microphysical properties can impact vertical velocities as a result 371 
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of phase transitions (Morrison and Milbrandt, 2011; Hazra et al., 2013). The vertical 372 

profile of the vertical velocity (Fig. 15d) over Mecca shows stronger vertical velocities 373 

from the lower troposphere to the midtroposphere (800 - 400 hPa). At the peak of the 374 

event, the extent of the vertical velocities would have enabled strong updrafts to fuel the 375 

convective event. Therefore, it appear’s that high vertical velocities in the 376 

midtroposphere caused by latent heat released from microphysical processes increased 377 

low-level convergence and associated feedback processes of the event over the Mecca 378 

region.   379 

4. Summary and Conclusions 380 

We investigated the dynamical and thermo-dynamical processes associated with an 381 

extreme weather event that occurred over the Mecca region in Saudi Arabia on 11 382 

September 2015 using available observations and a high-resolution WRF model 383 

integrated at 1-km resolution. This extreme weather event is initially associated with 384 

synoptic conditions and then intensified by interaction with the local topography into 385 

heavy rainfall and strong winds that caused severe damage in the Mecca region. Moisture 386 

was channeled from the Red Sea, feeding convective storm and intensifying the 387 

convection in the early evening. Our results indicate that the sudden fall in pressure 388 

triggered high wind speeds, unstable in the presence of moisture and heavy rainfall that 389 

resulted in the extreme weather event on 11 September 2015. WRF simulation results 390 

adequately reproduced the formation, evolution and associated thermodynamic process of 391 

this event. A few hours prior to the storm, between the surface and 700 hPa, the 392 
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temperature warmed by 3
°
C and then suddenly fell by 5

°
C at the peak time of the event. 393 

The time evolution of winds shows a sudden increase of wind speeds from 4 ms
-1
 to 13 394 

ms
-1
 and rapid changes in wind direction (from southwesterly to northeasterly) during the 395 

mature stage of the event. This was also accompanied by a rapid fall in sea level pressure 396 

and temperature values and an increase in the amount of water vapor. Just before the 397 

mature stage of the storm, a sudden fall in the upward heat flux at the surface and sudden 398 

increase in the surface moisture and latent heat fluxes were also predicted by the model. 399 

Another interesting feature is the high downward long wave radiation and low outgoing 400 

long wave radiation during the mature stage of the storm, which confirms the formation 401 

of convective clouds. The changes in sea level pressure and temperature modulated the 402 

wind flow, and subsequent interactions with the local topography triggered the extreme 403 

event. The low Froude number confirms the orographic effect on winds. The maximum 404 

simulated wind speed during the event ranged from 20–25 ms
-1
 over about 2 hours. As 405 

the event developed, both dynamics and microphysics played important roles in the 406 

formation of precipitation. Strong vertical velocities are responsible for the development 407 

of microphysics (frozen hydrometers and liquid hydrometers) and associated 408 

precipitation. The WRF model adequately captured the dynamics and thermodynamic 409 

processes of the event. Future work will study the sensitivity of the model to different 410 

boundary layer processes and the predictability of extreme weather events using data 411 

assimilation. Ultimately, our goal is to develop an assimilative high-resolution model to 412 
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forecast local weather and predict severe weather events, particularly over Mecca during 413 

the hajj period. 414 
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Figure Captions 534 

 535 

Figure 1: Surface synoptic chart from PME, Jeddah showing the large-scale pattern on 11 536 

September 2015 at a) 0000 UTC, b) 0600 UTC, c) 1200 UTC and d) 1800 UTC.  537 

Figure 2:  Geopotential height field 850 hPa for 11 September 2015 at (a) 0000 UTC; (b) 538 

1200 UTC and Skew T-plots from the University of Wyoming on 11 September 2015 at 539 

(c) 0000 UTC and (d) 1200 UTC at Jeddah station.  540 

Figure 3.  Time series of (a) wind speed and wind gustiness (ms
-1
), (b) temperature (° C) 541 

and relative humidity (%) and (c) rainfall (mmd
-1
) and mean sea level pressure (hPa) 542 

from AWS in Mecca on 11 September 2015. 543 

Figure 4: Meteosat-7 Infrared imageries at a) 1500 UTC, b) 1600 UCT, c) 1700 UTC and 544 

d) 1800 UTC; (e) image of a cloud taken using MODIS satellite imagery on 11 545 

September 2015.  546 

Figure 5: a) Spatial distribution of observed rainfall (units; mm/30 min) on 11 September 547 

2015, and (b)  evolution of the amount of rainfall over the Mecca region obtained from 548 

GPMs. 549 

Figure 6. Time height cross section of anomalies for (a) temperature (K), (b) potential 550 

temperature (K), (c) zonal wind (ms
-1
) and (d) meridional winds (ms

-1
) over the Mecca 551 

region on 11 September 2015 as simulated by the model. 552 

Figure 7. Skew T plot from model (black) and observations (red) at 1200 UTC, 11 553 
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September 2015.  554 

Figure 8: Spatial distribution of simulated winds (ms
-1
) at 10m height on 11 September 555 

2015. Shaded area indicates the model topography. Contours are wind magnitudes. 556 

Figure 9. Time series of (a) wind direction, (b) wind speed, (c) sea level pressure, (d) 557 

surface temperature, (e) water vapor, (f) upward heat flux, (g) moisture flux, (h) latent 558 

heat flux, (i) downward long wave radiation, and (j) out going long wave radiation at 559 

Mecca region.  560 

Figure 10. Model fields of (a) horizontal wind speed at the time of the peak wind 561 

occurrence on 11 September 2015. Upper panel shows cross-section along east–west 562 

oriented transecting Mecca and right panel shows cross-section along a north–south 563 

oriented transecting Mecca. (b) Longitude-height cross-section of equivalent potential 564 

temperature (contour) and radar reflectivity (shaded) from model.  565 

Figure 11: Spatial distribution of simulated maximum radar reflectivity (dBz) at different 566 

times on 11 September 2015  567 

Figure 12: Spatial distribution of simulated accumulated rainfall (mm) on 11 September 568 

2015  569 

Figure 13. Height-longitude cross section of (a) wind speed (m/sec), (b) relative humidity 570 

(%), and (c) vertical wind (ms
-1
) over the Mecca region on 11 September 2015 as 571 

simulated by the model. 572 

Figure 14. Time-height section of (a) relative humidity (%), (b) water vapor amount 573 
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(g/kg), (c) relative vorticity (shaded, x10
-5
 sec

-1
), vertical winds (contours, m/sec), and (d) 574 

radar reflectivity (shaded, dbz) and cloud cover (contours) over Mecca as simulated by 575 

the model. 576 

Figure 15. Vertical profiles of mixing ratio of (a) cloud ice, (b) cloud water, (c) rain water 577 

and d) vertical velocities as simulated by the model at a grid point at Mecca region on 578 

1530 UTC, 11 September 2015. 579 
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Figure 1. Surface synoptic charts from PME, Jeddah showing the large-scale pattern on 655 

11 September 2015 at a) 0000 UTC, b) 0600 UTC, c) 1200 UTC and d) 1800 UTC.  656 
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Figure 2:  Geopotential height field 850 hPa for 11 September 2015 at (a) 0000 UTC; (b) 705 

1200 UTC and Skew T-plots from the University of Wyoming on 11 September 2015 at 706 

(c) 0000 UTC and (d) 1200 UTC at Jeddah station.  707 

a)  0000 UTC b) 1200 UTC 

c) 0000 UTC d) 1200 UTC 
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Figure 3.  Time series of (a) wind speed and wind gustiness (ms
-1
), (b) temperature (C) 711 

and relative humidity (%) and (c) rainfall (mmd
-1
) and mean sea level pressure (hPa) 712 

from AWS in Mecca on 11 September 2015. 713 
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Figure 4: Meteosat-7 Infrared imageries at a) 1500 UTC, b) 1600 UCT, c) 1700 UTC and 759 

d) 1800 UTC; (e) image of a cloud taken using MODIS satellite imagery on 11 760 

September 2015.  761 
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Figure 5: a) Spatial distribution of observed rainfall (mm/30 min) on 11 September 2015. 809 

(b) Evolution of the amount of rainfall over the Mecca region obtained from GPM. 810 
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Figure 6. Time height cross section of anomalies for (a) temperature (K), (b) potential 826 

temperature (K), (c) zonal wind (ms
-1
) and (d) meridional winds (ms

-1
) over the Mecca 827 

region on 11 September 2015 as simulated by the model. 828 
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Figure 7. Skew T plot from model (black) and observations (red) at 1200 UTC, 11 845 

September 2015.  846 
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Figure 8: Spatial distribution of simulated winds (ms
-1
) at 10m height on 11 September 894 

2015. Shaded area indicates the model topography. Contours are wind magnitude 895 

a) 1400 UTC b) 1430 UTC 

c) 1500 UTC d) 1530 UTC 

e) 1600 UTC f) 1630 UTC 
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Figure 9. Time series of (a) wind direction, (b) wind speed, (c) sea level pressure, (d) 900 

surface temperature, (e) water vapor, (f) upward heat flux, (g) moisture flux, (h) latent 901 

heat flux, (i) downward long wave radiation, and (j) out going long wave radiation at 902 

Mecca region.  903 
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Figure 10. Model fields of (a) horizontal wind speed at the time of the peak wind 946 

occurrence on 11 September 2015. Upper panel shows cross-section along east–west 947 

orientation transecting Mecca and right panel shows cross-section along a north–south 948 

oriented transecting Mecca. (b) Longitude-height cross-section of equivalent potential 949 

temperature (contour) and radar reflectivity (shaded) from model.  950 
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Figure 11: Spatial distribution of simulated maximum radar reflectivity (dBz) at different 996 

times on 11 September 2015  997 

a) 1400 UTC b) 1430 UTC 

c) 1500 UTC d) 1530 UTC 

e) 1600 UTC f) 1630 UTC 
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Figure 12: Spatial distribution of simulated accumulated rainfall (mm) on 11 September 1001 

2015.  1002 

a) 1430 UTC b) 1500 UTC 

c) 1530 UTC d) 1600 UTC 

e) 1630 UTC f) 1700 UTC 
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 1003 

Figure 13. Height-longitude cross section of (a) wind speed (m/sec), (b) relative humidity 1004 

(%), and (c) vertical wind (ms
-1
) over the Mecca region on 11 September 2015 as 1005 

simulated by the model. 1006 
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Figure 14. Time-height section of (a) relative humidity (%), (b) water vapor amount 1011 

(g/kg), (c) relative vorticity (shaded, x10
-5
 sec

-1
), vertical winds (contours, m/sec), and (d) 1012 

radar reflectivity (shaded, dbz) and cloud cover (contours) over Mecca as simulated by 1013 

the model. 1014 
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Figure 15. Vertical profiles of mixing ratio of (a) cloud ice, (b) cloud water, (c) rain water 1022 

and d) vertical velocities as simulated by the model at a grid point at Mecca region on 1023 

1530 UTC, 11 September 2015. 1024 
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