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RESUMEN

Se utiliz6é un modelo climatico regional (RCM, por sus siglas en inglés) para simular y entender el ciclo
de vida de dos sistemas que produjeron fuertes periodos de lluvia sobre el occidente de Arabia Saudita
en noviembre de 1996. El primer periodo de lluvia fuerte ocurri6 del 13 al 20 de noviembre y el segundo
del 25 al 27 de noviembre de 1996. Se comparan sus patrones espaciales con datos pluviométricos, con
el analisis conjunto de precipitacion (CMAP, por sus siglas en inglés) del Climate Prediction Center
(CPC) y con las observaciones reticuladas del Global Precipitation Climatology Project (GPCP). Se
realizo una serie de 144 experimentos para diferentes tamafos de dominio y resolucioén asi como para
diferentes forzamientos de frontera y esquemas de parametrizacion convectiva con el fin de investigar la
combinacion 6ptima para simular los dos periodos. El RCM simula bien el desarrollo, la propagacion y
el ciclo de vida del primer periodo (8 dias de duracidn) asi como los del segundo (3 dias de duracién),
durante noviembre de 1996. Un enfoque sobre la estacion de Jeddah muestra que el RCM simula bien el
maximo y la cantidad de lluvia para ambos periodos. Sin embargo el primer maximo esta desfasado un
dia mientras que el segundo esta subestimado.

ABSTRACT

A Regional Climate Model (RCM) is employed to simulate and understand the life cycle of the two systems
that produced heavy rainfall spells over western Saudi Arabia in November 1996. The first spell of heavy
rain occurred from 13 to 20 November, whereas the second occurred from 25 to 27 November 1996. Their
spatial patterns are compared with rain-gauge data and also with the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) and the Global Precipitation Climatology Project (GPCP) gridded
observations. A series of 144 experiments are conducted for different domain sizes and resolution as well as
different boundary forcings and convective parameterization schemes to investigate the optimum combina-
tion for the simulation of the two spells. The RCM simulates well the development, the propagation and the
life cycle of the first spell (8-day long) as well as the second spell (3-day long) during November 1996. In
particular, the simulation demonstrates how the two systems developed, merged with new cells, reached to
maturity, and then decayed, as they moved eastward across the Red Sea, producing rain in the study region.
A focus over Jeddah station reveals that the RCM simulated well the peak and amount of rainfall for both
spells. However, the first peak is 1-day shifted, whilst the second peak is underestimated.
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1. Introduction

Natural disasters, such as floods, impact on many human activities including agriculture, water
resources, power generation and industry. The level of vulnerability to natural disaster depends
primarily on the regional climate and on climate variability, whether due to anthropogenic forces or
natural processes. Trapp et al. (2007) studied regional variability in the environmental conditions
suitable for driving the evolution of thunderstorms in the USA using the REGional Climate Model
version 3 (RegCM3). They suggest that in the latter part of the 21st Century the number of days
favorable for the development of severe thunderstorms will increase. The chief characteristic of a
heavy rainfall event is likely to be flash flooding (Bettina ez al., 1997), and thus, such an event (in
any region) can be described as a natural hazard that causes major floods and severe destruction,
often resulting in loss of lives. Therefore, understanding and being able to follow the evolution of
a heavy rainfall event at the daily scale would be of considerable benefit to scientists in general
and to the administrative authorities of a region in particular.

Flash floods are rare and violent occurrences that are characterized by a sudden and rapid rise
in stream flow; their prediction presents an acute technical challenge. Flash floods are linked
to intense thunderstorm events (associated with an extreme class of deep convective clouds),
and are highly localized. Apart from producing dangerous lightning and torrential rainfall,
such thunderstorms are responsible for high-impact weather, such as destructive surface wind,
hail storms, and/or tornadoes (Trapp et al., 2007). In a dry and semi-arid region, such as Saudi
Arabia (Abdullah and Al-Mazroui, 1998), severe thunderstorms may occur only a few times
a year (Almazroui, 2011a) but when they happen, their socio-economic consequences can be
devastating. For instance, on the coast of western Saudi Arabia, the city of Jeddah was recently
struck by two severe thunderstorm events; the first was on the 25 November 2009 and second on
the 26 January 2011. As the city of Jeddah is not equipped with the necessary infrastructure to
deal with such significant levels of rainfall, severe destruction was caused by the ensuing flash
floods, and monetary losses were estimated in millions of dollars. Also, the death toll from the
first event was in excess of 120, while for the second event it was over 10 (Civil Defense 2011,
Personal Communication).

Usually, mesoscale models are used for the forecasting of extreme weather events such as severe
thunderstorms and heavy rainfall (Litta et al., 2007). However, accurate forecasting of extreme
rainfall events remains a challenge for numerical modelers. For example, in the Mediterranean
region, Romero et al. (1998) found that the simulations of excessive rainfall events by mesoscale
models usually underestimate the rainfall peak. Furthermore, mesoscale models cannot be utilized
for prediction beyond 3-5 days. Thus, a long-term forecasting model would be very helpful for
preparing disaster plans.

Climate models, both at the global and regional scales, are the primary tools that aid in our
understanding of the processes governing climate systems (Pal ef al., 2007). Because of their ease
of use and relatively higher resolution, as compared to Global Climate Models (GCMs), Regional
Climate Models (RCMs) have proven to be more useful in providing regional climate details when
nested within a lower-resolution GCM, or driven by re-analysis lateral boundary conditions, for
regional climate studies (Liu et al., 1994; Dickinson et al., 1989; Giorgi and Bates, 1989). Global
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climatic conditions influence the local climate characteristics of a particular region, but the response
of this local climate will differ from place to place because of the different circulation patterns of
the region. Leung ef al. (1999) used an RCM to simulate the heavy rainfall that occurred in China
during the summer of 1991, which caused severe flooding in the Yangtze River. Shiao and Juang
(2006) demonstrated that simulated large-scale circulation and rainfall distribution are more sensitive
to the model domain size than to the model horizontal resolution. Similarly, Liu et al. (2009) used
RegCM3 for the simulation of rainfall in China, and found that the model is very sensitive to the
cumulus parameterization schemes. Recently, Almazroui (2011b) simulated two case studies using
RegCM3 over Saudi Arabia, and found that the domain size and domain center are very sensitive in
the simulation of heavy rainfall events in and around the city of Jeddah. Furthermore, the study also
verifies the model performance through analyzing two more cases, which occurred in November
1996, using more parameterization options in the simulation. In summary, a successful simulation
of a rainfall event by a climate model depends on many factors that need to be customized for a
particular region.

The synoptic situation of the 8-day rainfall spell that occurred in Jeddah in November 1996 was
described by Almazroui (2006). However, the organizational mechanism, life cycle and movement
of such heavy rainfall events have not yet been investigated. The objective of the current study is
to assess the capability of RegCM3 in simulating and providing the organizational mechanism of
the rainfall systems that developed over western Saudi Arabia in November 1996.

2. Data used and methods
2.1 Model description

The Abdus Salam International Center for Theoretical Physics (ICTP), Earth Systems Physics
(ESP) section developed the REGional Climate Model version 3 (RegCM3) (Pal ef al.,2007). The
dynamical core of the RegCM3 is based on the hydrostatic version of the NCAR/PSU (Pennsylvania
State University) Mesoscale Model version 5 (MM5) (Grell ef al., 1994). The RegCM3 grid and
physics parameter values follow those of Pal et al. (2000). RegCM3 uses the radiation scheme
of the NCAR CCM3, which is described in Kiehl ef al. (1996). The surface physics are included
using the Biosphere-Atmosphere Transfer Scheme (BATs), which is described in Dickinson et al.
(1993). Similarly, the planetary boundary layer scheme, developed by Holtslag et al. (1990), is
used in the model.

The RegCM3 convective precipitation parameterization scheme can be computed using one
of the following schemes:

1) Modified-Kuo scheme (Anthes, 1977)
2) Grell scheme (Grell, 1993)
3) MIT-Emanuel scheme (Emanuel, 1991; Emanuel and Zivkovic-Rothman, 1999).

The Grell parameterization can be implemented using one of the following two closure
assumptions:

Arakawa and Schubert closure (Arakawa and Schubert, 1974)
Fritsch and Chappell closure (Fritsch and Chappell, 1980)

The difference between the two closure assumptions is that the former relates the convective
fluxes and rainfall to the tendencies in the state of the atmosphere, whereas the latter relates the
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convective fluxes to the degree of instability in the atmosphere. Both closure schemes used in the Grell
parameterization achieve a statistical equilibrium between convection and the large-scale processes.

2.2 Experimental design

The lateral boundary conditions (LBCs) are used from the European Centre for Medium-Range
Weather Forecasts (ECMWF) 40-year reanalysis datasets (2.5° x 2.5° grid, here-after referred to
as ERA40), the NCEP reanalysis-1 datasets (2.5° x 2.5° grid, hereafter referred to as NCEP1), and
the NCEP reanalysis-2 datasets (2.5° x 2.5° grid, hereafter referred to as NCEP2). The optimum
interpolation sea surface temperature (OISST) 1° x 1° grid available on the weekly time scale (http://
www.cdc.noaa.gov) is applied as the lower boundary over the ocean. The spatial distribution of
rainfall simulated by RegCM3 is compared with the same obtained from the rain-gauge and the
CMAP.

The experiments are performed in three phases. In the first phase, simulations are performed
with 50 km horizontal grid resolution (60 x 60 grids), using the domain D1 centered on 21° N, 39°
E (see Fig. 1). The model run starts at 0000 UTC on 01 August 1996 and is integrated continuously
through 30 November 1996, using the three convective precipitation parameterization schemes
(CPPSs): the Modified-Kuo scheme (hereafter referred to as KUO); the Grell scheme, and the
MIT-Emanuel scheme (hereafter referred to as EMAN). The Grell scheme is used with both the
Fritsch and Chappell (hereafter referred to as GFC) and the Arakawa Schubert (hereafter referred
to as GAS) closure assumptions. The simulations began 4 months previously in order to allow a
model spin-up time of at least three months before the occurrence date of the selected heavy
rainfall event. In the second phase, the simulations are performed with 25, 30, 35, 40 and 45 km
for the same domain D1. In the third phase, model runs are performed for the second domain
D2 (108 x 92 grids) centered on 21° N, 39° E, for the third domain D3 (108 x 92 grids) centered
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Fig. 1. The RegCM3 computational domains D1 (60x60 grids),
D2 (108%92), D3 (108%x92) and D4 (160x116) with the topography
(elevation in m). The star represents the center for DI (21° N,
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Table I. Experiments summary with their specifications.

Name of LBC used CPPS Domain size Domain center Domain resolution
experiment used (km)
Phase 1 ERA40 KUO D1 (60x60 grids) 21°N, 39°E 50

(Total 12 runs) NNRPI EMAN
NNRP2 GFC

GAS
Phase 2 ERA40 KUO D1 (Number of grids 21°N, 39°E 25
(Total 60 runs) NNRPI EMAN vary with domain resolution) 30
NNRP2 GFC 35
GAS 40
45
Phase 3 ERA40 GFC D2 (108%92 grids) 21°N, 39°E 50 and 25
(Total 72 runs) NNRP1 GAS D3 (108%92) 20°N, 42°E 50 and 25
NNRP2 EMAN D4 (160%116) 20°N, 42°E 50 and 25
KUO

on 20° N, 42° E, and for the fourth domain D4 (160 % 116 grids) centered on 20° N, 42° E. The
effective domains are used after removing the buffer zone, and all simulation specifications are
summarized in Table I.

2.3 Data used

In the current analysis, the rain-gauge data collected by the Presidency of Meteorology and
Environment (PME) of Saudi Arabia for November 1996 are used. The Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP, Xie and Arkin, 1997) and the Global Precipitation
Climatology Project (GPCP, Adler ez al., 2003) at a 2.5° x 2.5° resolution monthly mean rainfall data
for November 1996 are used to obtain the spatial distribution of rainfall in the Jeddah area. CMAP
is a global precipitation estimate, created by merging rain-gauge observations, satellite estimates of
precipitation (IR and passive microwave) and precipitation fields generated by the National Centers
for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) re-
analysis. GPCP is computed from microwave, infrared, and sounder data observed by the international
constellation of precipitation-related satellites, and precipitation gauge analyses. The CMAP and
GPCP data are obtained from ftp://ftp.ncep.noaa.gov and http://precip.gsfc.nasa.gov, respectively.

3. Results and discussion
3.1 Observed rainfall in November 1996

The spatial distribution of monthly accumulated rainfall (mm) obtained from the CMAP (left
panel) and GPCP (right panel) data for November 1996 is displayed in Figure 2. A large amount
of rainfall (more than 150 mm) occurred in the western part (Red Sea coast) of Saudi Arabia. The
north-western region of the country also received a significant amount of rainfall, whereas the
eastern region remained completely dry. This rainfall distribution is compared with the rain-gauge
data, and is discussed next.
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Fig. 2. The spatial distribution of monthly accumulated rainfall (mm) obtained from the CMAP
(left panel) and GPCP (right) data in November 1996. Rainfall below 10 mm is excluded from
the display, as indicated in the legend.
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Fig. 3. The distribution of rain-gauges (solid dots) across
Saudi Arabia. The numeric value above each station location
is the rain-gauge recorded rainfall (total in mm) for November
1996. The names of three stations (Jeddah, Yenbo and Wjeh)
are given as these are used for a detailed study.
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Figure 3 displays the monthly accumulated rain-gauge data in millimeters at different locations
across Saudi Arabia for November 1996. The rain-gauge data confirms the occurrence of heavy
rainfall over the central west coast of the country along the Red Sea. The simultaneous occurrence
of significant amounts of rainfall in the north-western region of the country and the dryness in
eastern parts are also apparent in the rain-gauge records. In this study, we intend to obtain the life
cycle of the heavy rainfall events that developed over western Saudi Arabia in November 1996,
and therefore, rainfall data analysis is required at the daily scale.

The rain-gauge records in November 1996 at Jeddah (21.71° N, 39.18° E), Yenbo (24.14° N,
38.06° E) and Wjeh (26.20° N, 36.47° E) reveal two spells. The first spell (8 consecutive days) was
from 13-20 November, whilst the second spell (3 consecutive days) was from 25-27 November
(Fig. 4). During the first spell, Jeddah station recorded more rainfall amounts than all other stations,
with one peak on the 16 November (46 mm) and another on the 19 November (42 mm). During
the second spell, Jeddah station again recorded the largest amount of rainfall, with a peak on the
25 November (55 mm). During both spells, Yenbo station recorded the lowest rainfall amount, not
exceeding 26 mm for the whole month (see Fig. 3), whilst Wjeh station recorded the highest amount
of rainfall on a single day (116.4 mm on 17 November). The accumulated rainfall is 258.11, 25.50
and 137.62 mm for, respectively, Jeddah, Yenbo and Wjeh stations in November 1996. Hence, it
is clear that rainfall varies considerably with space and time in this region; during the first spell,
Jeddah recorded its maximum on 16 November and Wjeh on 17 November, but in between these
two stations, Yenbo recorded relatively low amounts of rain during this spell, and its maximum is
only 9.8 mm (on 17 November). It is thus evident that two distinct spells occurred mostly in and
around the Jeddah area, and therefore detailed investigations are made for this region only.
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Fig. 4. The time sequences of daily rainfall (mm) recorded by the rain-gauges
at Jeddah, Yenbo and Wjeh for November 1996.

3.2 Simulation of rainfall events using RegCM3
3.2.1 RegCM3 LBC and CPPS

Figure 5 displays the monthly accumulated rainfall (mm) simulated by RegCM3 using ERA40 (left
panels), NNRP1 (middle panels), and NNRP2 (right panels) with GFC (Figs. 5a-c), GAS (Figs. 5d-f),
EMAN (Figs. 5g-i), and KUO (Figs. 5j-1) CPPS during November 1996. Irrespective of the LBCs,
RegCM3 with GFC CPPS simulates well the rainfall in western Saudi Arabia. Although the rainfall
amounts over the northern parts of Saudi Arabia are not insignificant, the greatest intensities are
located in the western areas, i.e. over Jeddah and Wjeh (Fig. 3). This result indicates that the model
is indeed capable of correctly simulating the monthly rainfall patterns over western Saudi Arabia. In
this region, the structures of the rainfall distribution are similar regardless of the closure assumption
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Fig. 5. The spatial distribution of monthly rainfall (mm) simulated by RegCM3 using ERA40, NNRP1 and
NNRP2 with GFC (a, b and ¢), GAS (d, e and f), EMAN (g, h and i) and KUO (j, k and 1) CPPS during
November 1996.
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used. Therefore, the change of closure assumption in Grell CPPS from GFC to GAS does not alter
the simulation of rainfall over western Saudi Arabia. However, the intensity of rain over areas far
away from the west coast is better simulated with the GFC option. In contrast, GAS CPPS produces
heavy rain mostly over the center of the Red Sea, including its east coast, where Jeddah is located.

For the EMAN scheme, the model simulates the rainfall over western Saudi Arabia, however
the intense rainfall core is slightly shifted to the north, compared to the CMAP and GPCP data
(see Fig. 2). The simulation with the KUO scheme largely fails to reproduce the heavy rainfall in
western Saudi Arabia, and the intense parts of the system are shifted slightly north-westward. In
combination with the results discussed above, it is apparent that RegCM3 using any of the driving
forcing with GFC and EMAN as the CPPS is able to simulate the rainfall distribution over western
Saudi Arabia, whereas GAS and KUO fail. It is thus evident that RegCM3 using any of the driving
forcings (i.e., ERA40, NNRP1 and NNRP2) along with the GFC scheme is the relatively better
combination amongst all the considered options used in this study.

3.2.2 RegCM3 domain resolution

This section is a detailed investigation of the influence of domain resolution on the simulation of
heavy rainfall events in western Saudi Arabia. Although Almazroui (2011b) examined the domain
sensitivity for 50 and 25 km, in this current research we extend their test to more resolutions: 25,
30, 35, 40, 45 and 50 km.

Since the Jeddah station recorded well the peaks of the two rainfall spells during November 1996,
the details of the domain sensitivity is performed for that selected station coordinates only. Figure
6 displays the monthly rainfall (mm) simulated by RegCM3 using NNRP2 with the GFC CPPS for
different domain resolutions extracted at the Jeddah station coordinates. The simulated rainfall at
Jeddah is compared with the rain-gauge (dashed line, Fig. 6) data. For the simulation using 25 km
resolution, the model overestimates the rainfall amount (538.16 mm) compared to the rain-gauge
value (258.11 mm), whereas the simulations using 40 and 35 km estimate it as 303.21 and 194.29
mm, respectively. The simulations for domains D2, D3 and D4 using different domain resolutions
did not improve the rainfall estimation, and therefore they are not shown for brevity. It is also noted
that RegCM3 using NNRP2 with the GFC CPPS and 25 km resolution simulates only 0.05 and 18.59
mm rain for the domains D2 and D3, respectively, and fails to reproduce the rain for the domain D4
(not shown). This means that a domain with high resolution does not produce any rain in a region if
there is no rain in the low resolution run, at least in our case. It is also noted that the rainfall amount
and domain resolution are very sensitive to LBCs and CPPSs, and therefore the combination shown
in Figure 6 is for particular specifications and not generalized for any LBCs with any CPPSs.
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Combining the results obtained above, it was decided to use RegCM3 with domain size of
2500 % 2500 km?* (60 x 60 grid at 40 km resolution) for simulating the heavy rainfall in western
Saudi Arabia for our case study.

3.3 Life cycle of the rainfall system

The life cycle of the rainfall spells that occurred in November 1996 are studied using the model
simulations for different suitable options.

Figure 7 displays the distribution of the daily rainfall (mm) simulated by RegCM3 using NNRP2
with GFC during the first spell. Absolutely no rainfall is simulated by RegCM3 in western Saudi
Arabia on 13 November; however a convective cell is developed over eastern Sudan, very close to the
west coast of the Red Sea (Fig. 7a). The cell moves eastward and develops further on 14 November.
It crosses the Red Sea and it is in its mature stage on 16 November (Fig. 7d). After that, it extends
spatially and reduces the size of the intense-rain core, indicating that the system is in a dissipating
stage (Figs. 7e-f). The scattered distribution of these intense but dissipating cells produces heavy
rainfall in the north-western areas on 17 and 18 November. A new cell develops and produces a
large amount of rainfall over the Jeddah area on 19 November (Figs. 7f-g). The system moves south-
eastward as it progresses into its decaying stage. Thus, it is clear that multiple cells develop from 13
to 20 November, reproducing the heavy rainfall in the Jeddah area (see Fig. 4). This system of cells
develops, reaches its mature stage, releases copious quantities of rain and then decays and dissipates.
All these processes continue for a number of days as for the previous simulation of the first spell by
RegCM3. This is the unusual 8-day rainfall event that occurred in western Saudi Arabia. Similar life
cycles are also obtained for ERA40 and NNRP1 for the same domain D1 (60 x 60 grid points) but
these are not found for the D2, D3 and D4 domains (not shown). As discussed earlier, besides the
GFC CPPS, EMAN also simulates well the monthly rainfall. Therefore, the details of the evolution
of the first spell using the EMAN CPPS with different forcings are discussed next.

Similar to the above discussion, the simulation with the ERA40 LBC and the EMAN CPPS
captures well the first spell (13-20 November 1996), as displayed in Fig. 8. It is worth mentioning
that point-by-point matching of the simulated rain with station observations or gridded data is
not yet possible, however the overall evolution of the system is well shown by RegCM3. Here
we see intense rain in the Wjeh area on 17 November and in the Jeddah area on 19 November.
The system is initiated in eastern Sudan (Fig. 8a), crosses the Red Sea (producing rain in western
Saudi Arabia), and decays after 19 November. Overall, this life cycle is similar to the one obtained
from NNRP2 with GFC, except that the intensity and the embedded areas are slightly different.
It is noted that RegCM3 with EMAN is also used for the simulation of precipitation over eastern
Africa and tropical Indian Ocean (Davis et al., 2009). They concluded that EMAN provides the
most realistic simulation in reproducing spatial distribution of convective rainfall, compared to
GFC and GAS, however it overestimates the total rainfall amount with respect to the observations.

Figure 9 displays the life cycle of the first spell simulated by RegCM3 using the NNRP1 LBC
with the EMAN CPPS. Overall, the evolution of the system is reproduced well by the model. For
instance, the intense rain over western Saudi Arabia is apparent for 16-18 November and very similar
to the surface observations (see Fig. 4). As with the earlier explanation, the system is initiated in
eastern Sudan, crosses the Red Sea (producing rain over western Saudi Arabia), and decays after
19 November. The life cycle is similar to the one obtained from ERA40 with the EMAN CPPS.
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(a) NNRP2 GFC Rainfall 13 Nov 1996 (b) NNRP2 GFC Rainfall 14 Nov 1996 (c) NNRP2 GFC Rainfall 15 Nov 1996
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Fig. 7. The life cycle of the first spell (13-20 November 1996) simulated by RegCM3 using NNRP2 with
the GFC CPPS.

To complete this detailed study of the life cycle of the first spell, the rainfall simulation using
NNRP2 with EMAN is displayed in Figure 10. Again, there is no rain over Saudi Arabia on 13
November, although a few cells develop over Sudan (Fig. 10a). On 14 November, they merge to
form cloud over the west coast of the Red Sea, which further develops and becomes embedded
with a small part over western Saudi Arabia on 15 November (Fig. 10c). The figure also shows
that from 16 to 19 November, the system is over western Saudi Arabia producing the heavy rainfall
in the region during the first spell (as discussed earlier, see Fig. 4). After 19 November, it is in a
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Fig. 8. The life cycle of the first spell (13-20 November 1996) simulated by RegCM3 using ERA40 with
the EMAN CPPS.

decaying stage, which completes the life cycle. Combined with the previous results derived from
Figures 7, 8 and 9, it is clear that RegCM3 simulates fairly well the life cycle of the first spell. The
precise location of the intense core, the embedded areas, and the time do not exactly match with
the observations, however such close simulation encourages the use of the RCM for further study.

As with the first spell, the life cycle of the second spell (25-27 November) is discussed here.
In Figure 11, a convective cell develops over the Red Sea near Jeddah on 24 November 1996.
The cell reaches its mature stage on 25 November, producing heavy rainfall over Jeddah, which
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Fig. 9. The life cycle of the first spell (13-20 November 1996) simulated by RegCM3 using NNRP1 with
the EMAN CPPS.

is in line with the observed rain-gauge data (see Fig. 4). This system extends into inland areas
east of Jeddah before dissipating on 26 November. On that day, two more new cells develop over
the Red Sea (Fig. 11c). The new system then moves northward slightly and reaches its mature
stage on 27 November. Because it is somewhat far from the Jeddah area, very low rainfall was
recorded on that day at the Jeddah station. The system then weakens on 28 November and almost
disappears on 29 November. This is typical of the systems that occur in Saudi Arabia, and they
usually last 2-3 days.
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Fig. 10. The life cycle of the first spell (13-20 November 1996) simulated by RegCM3 using NNRP2 with
the EMAN CPPS.
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During the second spell, Jeddah received its largest rainfall amount (55 mm) on 25 November (see
Fig. 4), and therefore the spatial distribution of the system, simulated with EMAN using different
forcings, is shown for this date only. For all the forcings (ERA40, NNRP1 and NNRP2), the model
simulates the rainfall for western Saudi Arabia (Fig. 12). However, the embedded area over the
Jeddah area is large for EMAN compared to GFC (see Fig. 11b). The location of the intense core
near Jeddah is more visible for NNRP1 and NNRP2, compared to ERA40 (Fig. 12). Combing the
results of Figures 9 and 10, we conclude that RegCM3 is able to simulate the second spell (25-27
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Fig. 11. The life cycle of the second spell (24-29 November 1996) simulated by RegCM3 using NNRP2
with GFC.

(a) ERA40 EMAN Rainfall 25 Nov 1996 (b) NNRP1 EMAN Rainfall 25 Nov 1996 (c) NNRP2 EMAN Rainfall 25 Nov 1996
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Fig. 12. The rainfall on 25 November 1996 simulated by RegCM3 using (a) ERA40, (b) NNRP1 and (c)
NNRP2 with the EMAN CPPS.

November 1996). However, it may be interesting to study the dynamics of such systems, including
the development mechanism, in order to understand the evolution of the rainfall event in western
Saudi Arabia by using an RCM. This will be documented in a further study.
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In the previous section, the evolutions of the life cycles of the two simulated spells were
discussed. There are no observed gridded data available for comparing the patterns of simulated
rainfall spells at the daily scale. Therefore, rainfall values extracted from the simulated data are
compared with the ground observations at Jeddah station.

Figure 13 displays the time sequences of the daily rainfall (mm/day) simulated by the RegCM
and compared with the ground observations at Jeddah station. It is evident from Fig. 13 that during
the first spell, the observed rainfall has two large peaks, 46 and 42 mm on 16 and 19 November,
respectively. However, the model fails to simulate the maximum rainfall peak during the first spell.
The model estimates the maximum rainfall peak (44.78 mm) on 18 November, which is slightly
shifted compared to the observations. Similarly, the observation shows the rainfall peak (55 mm) on
25 November during the second spell, which coincides with the simulated maximum by the model.
However, the model underestimates the rainfall amount during the second spell. Three other domains
are unable to show any rainfall amounts in the Jeddah area (results are not shown). On average, the
model simulates 137.06 mm rainfall in November 1996, whereas the observed record was 258.11
mm. The observed (model) rainfall amounts are 199.30 mm (83.62) and 58.80 mm (29.22) for the
first and second spells, respectively. Hence, the model rainfall is underestimated by 58.04 and 50.31%
for the first and second spells, respectively. The fact is that the regional model generates well the
rainfall system during November 1996 (see Figs. 7-12), however, the amount of rainfall calculated by
the model is underestimated. These results are consistent with Junker and Hoke (1990). The amount
of over- and under-estimation of the model rainfall can be tuned through controlling the sub-grid
explicit moisture scheme in the model (Davis et al., 2009), which is beyond the scope of this paper.
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Fig. 13. The time sequences of the daily rainfall (mm/day) recorded by the
rain-gauge at Jeddah with the same simulated by the RegCM in November
1996. The model NNRP2 LBC with EMAN scheme rainfalls are extracted
near Jeddah for the domain D1 for comparison with the observations.

4. Conclusions

The RegCM3 model is employed to capitalize on its capability of simulating the life cycle of the
two spells of heavy rainfall that occurred in western Saudi Arabia in November 1996. The rainfall
distribution simulated by the model is compared with the ground-based observations and CMAP
data. The simulation of rainfall over western Saudi Arabia depends highly on the model domain
size and the domain center, and is less dependent on the model LBCs and the model CPPSs. In
this study, the high resolution domain did not improve the simulation of rainfall when there is no
signature of rain in the low resolution run, although it did improve the finer features of the rainfall



Life cycle of extreme rainfall events over western Saudi Arabia 39

system and enhanced the rainfall intensity. The simulated spatial rainfall distribution matches well
with the gridded data for November 1996. The evolution of the life cycles of the simulated rainfall
systems begin in each case with a cell generated over eastern Sudan, which moves eastward across
the Red Sea, merging with new cells during its propagation. The system is in a mature stage when
it reaches western Saudi Arabia, producing intense rainfall over the region before dissipating, thus
completing the life cycle (this is usually 2-3 days, except for the unusual 8-day system that delivered
significant rainfall between the 13 and the 20 of November 2009). It is found that EMAN CPPS
produces well the life cycles of the two rainfall systems for any of the boundary forcings used.
The performance of GFC is also reasonable; however GAS and KUO fail to capture these extreme
rainfall events over the region, and are not recommended for case studies. In fact, more case studies
are suggested for understanding the development mechanism and the use of regional climate models
in application-oriented tasks. Due to the complexity of climate systems and the limited knowledge
of the processes involved in climate extremes, a great deal of model development is still required.
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