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Abstract: The Arabian Peninsula is a region characterized by diverse climatic conditions due to its
location and geomorphological characteristics. Its precipitation patterns are characterized by very
low annual amounts with great seasonal and spatial variability. Moreover, extreme events often
lead to flooding and pose threat to human life and activities. Towards a better understanding of the
spatiotemporal features of precipitation in the region, a thirty-year (1986-2015) climatic analysis has
been prepared with the aid of the state-of-the-art numerical modeling system RAMS/ICLAMS. Its
two-way interactive nesting capabilities, explicit cloud microphysical schemes with seven categories
of hydrometeors and the ability to handle dust aerosols as predictive quantities are significant
advantages over an area where dust is a dominant factor. An extended evaluation based on in situ
measurements and satellite records revealed a good model behavior. The analysis was performed in
three main components; the mean climatic characteristics, the rainfall trends and the extreme cases.
The extremes are analyzed under the principles of the extreme value theory, focusing not only on
the duration but also on the intensity of the events. The annual and monthly rainfall patterns are
investigated and discussed. The spatial distribution of the precipitation trends revealed insignificant
percentage differences in the examined period. Furthermore, it was demonstrated that the eastern
part and the top half of the western Arabian Peninsula presented the lowest risk associated with
extreme events. Apart from the pure scientific interest, the present study provides useful information
for different sectors of society and economy, such as civil protection, constructions and reinsurance.

Keywords: regional climatology; precipitation; rainfall; Arabian Peninsula; arid/semi-arid re-
gion precipitation; dynamical downscaling; trend analysis; extremes; intensity duration frequency;
return periods

1. Introduction

The climate of the Arabian Peninsula (AP) is affected by the Indian monsoon in the
south and the Mediterranean synoptic scale systems in the north. Furthermore, the complex
landscape—consisting of highlands in the western and southwestern regions, vast arid
and extra arid lands in the mainland, the Red Sea in the west and the sand desert in the
southeast—plays an important role in the formation of the regional climatic features. The
topography in Saudi Arabia varies from low altitudes in the coastal areas (0 up to 100 m)
to high altitudes in the mountainous areas (more than 2000 m).

The precipitation regime of the AP is generally characterized by arid climatologi-
cal characteristics. Limited and infrequent rainfall events occur mainly from October
through April [1], except for the southwestern region, where high precipitation amounts
are reported [2]. However, precipitation is not extensively analyzed due to its irregu-
larity in space and time and the sparseness and/or unavailability of long records of
observational datasets.
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Almazroui et al. [3,4] investigated the annual and seasonal distribution of precipitation
along with trends, employing station data and gridded datasets for the period 1979-2009.
Alsarmi and Washington [5] calculated trends of precipitation in AP using also station
data. Barth and Steinkohl [6] investigated the role of synoptic scale systems on winter
precipitation of AP and demonstrated the role of Mediterranean depressions, the Sudan
low and convective systems. The climatological characteristics and mechanisms of rainfall
in AP are reviewed by Hasanean and Almazroui [1]. Mahmoud et al. [7] evaluated the
seasonal rainfall and rainfall intensity in Saudi Arabia as derived from the satellite IMERG
products against station measurements.

Extreme precipitation events commonly occur in AP throughout the whole year
due to the deep convection triggered by tropical and extratropical forcing along with
the orography [8]. These extreme events frequently cause floods with severe impacts on
human life and economy. It is worth mentioning that the extreme daily precipitation events
contribute to about 20-70% of the total precipitation over the AP [9].

Regional climatic patterns of temperature, relative humidity and wind in the AP were
studied by Patlakas et al. [10] with the aid of a state-of-the art, limited area atmospheric
modeling system. More precisely, the employment of a high resolution atmospheric model
resolved the problem of limited or unavailable data in particular areas and provided
an insight on complicated climatic features. The atmospheric model simulated the spa-
tial and temporal variations of the above mentioned climatic parameters over AP with
a more reliable and detailed behavior, when compared to previous results of regional
climatic models.

As a further attempt to extend the study of Patlakas et al. [10], this work aims to
present a regional precipitation climatology for the AP, employing the regional atmospheric
model RAMS/ICLAMS. The model has run for a 30-year period (1986-2015) with a spatial
resolution of 9 km and a temporal resolution of 3 hours. The great advantages of adopting
RAMS/ICLAMS for a study focusing on precipitation are its highly sophisticated physical
parameterizations, including dust and its numerical schemes, allowing the depiction of
local scale patterns that are not represented in the simulations of climatic models. More
specifically, the objectives are: a) to investigate the spatial precipitation patterns in the
AP on a monthly basis, aiming to better assess the spatial and temporal variation of
precipitation b) to examine the precipitation extremes along with their characteristics, such
as intensity, duration and return periods and c) to analyze the precipitation trends in the
AP for a period of 30 years (1986-2015).

2. Materials and Methods
2.1. Intensity, Duration and Frequency of Rainfall Events

The probability of the average rainfall intensity over given periods of time can be
expressed under the principles of the Extreme Value Theory and depicted employing
rainfall Intensity—-Duration-Frequency (IDF) curves [11]. These are used to estimate the
relationship between a precipitation event and its frequency in terms of return periods.
Extreme cases derived from the IDF curves are adopted, among others, by hydrometeorol-
ogists, engineers and civil protection agencies for the design of urban drainage systems
and the assessment of regional flood vulnerabilities [12,13].

According to Koutsoyiannis et al. [14], a basic step towards their construction is the
retrieval of extreme rainfall intensities for different durations through an annual maximum
analysis. These annual maximum values (Annual Maxima—AM) are well represented by
different theoretical distribution functions. Among the most common procedures is to fit
the Generalized Extreme Value distribution (GEVd) to the created subset and retrieve the
estimated fitted parameters for each selected duration. These parameters will be used for
the estimation of the reoccurrence intervals and lead to the relation between the intensity;,
duration and frequency and subsequently to the creation of the IDF curves.

In this study, the annual maximum rainfall rate values for the 30-year period and for
each model grid were obtained. These maximum rain rate values were determined for
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different accumulation periods: 3 h to 48 h with a 3-h interval. The AM are often well
approached by the first type of the GEVd [15,16]. Therefore, the Gumbel distribution is
selected since only two parameters are required [17]. The estimation of the parameters
is performed based on the Maximum Likelihood (ML) method [18,19]. The scale and the
location parameter (x and (3, respectively) can be estimated through the simultaneous
numerical solution of the following equations:

- by xexp(—xi/a)
L7 exp(—xt/a)

—a:Oand—a-log[%iexp<—%>]—ﬁ:O (1)
i=1

where X1, ... , Xy is a random sample and ¥ is the sample mean.
The estimation of the design values/intensities (It) for a preferred return period (T) is
performed through the relation between the cumulative frequency (F) and T [16]:

F(Ir) =1 (1/T) @

Substituting the cumulative distribution function (CDF) of Gumbel, transforms
Equation (2) to the following:

It =B —aln[—In(1—-1/T)] ©)]

The procedure was followed for return periods set to 10, 25, 50, 75 and 100 years.
More details and applications on IDF curves can be found in the following
publications [20-24].

2.2. Data, Model Set up and Evaluation Metrics

The data used for the analysis of the precipitation characteristics is the product of
dynamical downscaling based on a regional atmospheric modeling system. The model
used is the Integrated Community Limited Area Modeling System (ICLAMS) based on the
Regional Atmospheric Modeling System (RAMSv6) [25,26]. RAMS/ICLAMS was devel-
oped within the Atmospheric Modeling and Weather Forecasting Group (AM&WEFG) of
the University of Athens, Greece [10,27-31]. It has two-way interactive nesting capabilities,
an explicit cloud microphysical scheme with seven categories of hydrometeors and the
ability to handle dust aerosols as predictive quantities. Concentrations, size distributions
and optical properties of all elements are computed online. Natural aerosols contribute
to the calculation of the meteorological conditions through feedback mechanisms (direct,
semi-direct and indirect effects). The aforementioned features render the use of the model
as most appropriate, especially over an area where dust is a dominant factor.

The simulation period covers the years between 1986 and 2015 (30 years). The model
spatial resolution is 9 km and the corresponding timestep is 15 seconds. The domain extent
(Figure 1) has a significant buffer zone around the Arabian Peninsula so that the boundaries
would not affect the study area. Vertically, it stretches up to 20 km with 30 levels, while the
output is saved every 3 hours.

ERA-Interim [32] data is employed for the regional model initial and boundary condi-
tions. This dataset is a global atmospheric reanalysis product distributed by the European
Centre for Medium-Range Weather Forecasts (ECMWF) beginning from 1979. A major
advantage in the use of such products for climatological studies is the consistency, homo-
geneity and robustness in terms of model outputs.

For Sea Surface Temperature (SST), the high resolution 0.083-deg analyses from NCEP
have been used [33]. The soil texture and properties within the boundaries of the Kingdom
of Saudi Arabia are derived from a custom soil categorization dataset, based on a very
high resolution soil database from Saudi Aramco. Soil data for the neighboring countries
originate from the Food and Agriculture Organization of the United Nations (FAO). The
geological categories were grouped into several soil textural categories based upon their
common properties. Vegetation and land use were acquired by USGS following the Olson
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Global Ecosystem categorization [34,35]. NDVI is based on the work of Defries and
Townshend [36]. The horizontal resolution of the datasets is 30 arcsec (~900 m). The
vegetation together with the soil categorization and slope inclination were combined in
ArcGIS in order to dictate the dust uptake areas in the brand new soil classification scheme.
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Figure 1. The model domain employed for the study. The locations and the codenames of the stations
used for the evaluation study are depicted with blue. The locations selected for the application of the
Intensity—Duration-Frequency analysis are marked in red.

In order to perform a quantitative statistical evaluation of the model outputs, widely
applied error metrics were used for the daily accumulated precipitation fields. The Mean
Bias Error (MBE) or Bias is the result of the mean modeled minus the mean observed
values, a first indicator of over/underestimation. Error variability was approached with the
statistical indicators of Mean Absolute Error (MAE) and Root Mean Square Error (RMSE),
which are the mean of absolute errors and the square root of the mean of the square of
the errors, respectively. Moreover, the Pierson correlation coefficient as an indicator of
linear relationship and the standard deviation of modeled versus observed values were
also implemented [37].

3. Results and Discussion
3.1. Dataset Evaluation

The quality of the model-derived temperature and wind speed is thoroughly investi-
gated and commented in Patlakas et al. [10], where a good model performance is evident.
The additional evaluation of this manuscript focuses on precipitation. The model-derived
rainfall data was evaluated against corresponding remote sensing and in situ records. The
procedure consists of two parts, one quantitative employing several statistical indices and
one qualitative, which includes the comparison of the spatial distribution of modeled
precipitation against remote sensing estimates.

Beginning with the second, the used satellite precipitation estimates stem from the
Integrated Multi-satellitE Retrievals for GPM (IMERG). IMERG utilizes a combination
of satellite data and techniques. It integrates satellite products in global scale, such as
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the Tropical Rainfall Measuring Mission (TRMM) and Global Precipitation Measurement
(GPM) retrievals [38]. Version 6 of the final product that is used in this study is an outcome
of the combination, filtering and interpolation of all available passive microwave precipita-
tion estimates, microwave-calibrated infrared (IR) satellite estimates and calibration from
available precipitation gauges [39]. It is provided in a resolution of 0.1 x 0.1, every thirty
minutes starting from 2000.

In particular, the comparison concerns the mean annual accumulated precipitation,
illustrated in Figure 2 (the mean monthly accumulated precipitation -IMERG- can be found
in Appendix A). Cumulatively, the spatial distribution of rainfall between modeled and
remote sensing estimates is in an acceptable agreement. Both modeled and satellite outputs
demonstrate the low and moderate precipitation fields that dominate the northwest and
southeast regions of the Peninsula. Likewise, the increased precipitation rates emerging
in the north due to the cyclonic activity of the Mediterranean Sea and in the east parts
of the Africa are evident in both products. Differences are noticed over the Red Sea,
where modeled precipitation presents higher magnitudes. This can be associated with
the complex processes prevailing in the current area including the seasonal variations
and the intense convective activity. Furthermore, the absence of rain gauge data over
ocean, which effectively adjusts the satellite precipitation estimates over land, might also
have contributed towards a notable underestimation from IMERG over this area. Similar
conclusions are reached upon comparison of the mean monthly accumulated precipitation
(Figure 8 and Figure A1).
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Figure 2. Mean annual accumulated precipitation of (a) the model output and (b) the IMERG product
for the years 2001-2015.

The NWP evaluation against station data was carried out with the use of different
weights from the four nearest model grid points based on the distance from the station. This
approach is considered as conventional for the provision of model outputs over a specific
location and partly counterbalances the high spatiotemporal variability of precipitation.

Precipitation measurements were employed from a network of meteorological sta-
tions operating in the peninsula. These are in accordance with the World Meteorological
Organization (WMO) requirements, updated on daily basis [40] in 3-h intervals. 22 stations
were used in the current study, primarily based on data availability and sufficient area
coverage, for the whole 30-year period of the model simulations. At this point, it should be
noted that the rain gauge data in the area are sparse and most of the precipitation events
are of convective type, making the evaluation procedure rather difficult.

The MBE results for the whole period fall within the range —0.2 and 0.2 mm, with the
vast majority being restrained within the —0.1 and 0.1 mm margins (Figure 3a). Concur-
rently, the mean errors are almost equally distributed positively and negatively around
zero. As a result, a concrete conclusion for a tendency of a systematic overestimation or
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underestimation in the model results cannot be extracted. Most of the RMSE values are
traced between the 1 mm and 2 mm of rainfall.
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Figure 3. (a) MBE versus RMSE between modeled and observed precipitations and (b) Taylor
diagram for each station.

Additional statistical information is provided by the Taylor diagram (Figure 3b), illus-
trating the correlation coefficient values together with the normalized standard deviations
(the ratio between modeled standard deviation and the observed one). Modeled and
measured precipitation values are positively correlated with most of the coefficient values
found between 0.4 and 0.7. Overall, the level of correlation is rather sufficient for the
majority of the stations. Low degree of correlation coefficients, below 0.5, is displayed
for eight stations alone. These discrepancies can be attributed to spatiotemporal shifts of
modeled versus observed rainfall patterns as well as sub-grid scale phenomena.

A spatial examination of the modeled precipitation estimates is provided in Figure 4,
illustrating the MBE, MAE, RMSE and correlation results in the locations of the stations
under consideration. Cumulatively, lower errors can be traced in the North mainland of
the Peninsula and greater in the stations distributed in the West and Southwest. This is
mainly due to the higher precipitation amounts in these regions. It could be also attributed
to the terrain elevation changes, increasing from the shoreline to the mainland. These
topographical characteristics together with the offshore convective activity increase the
uncertainty in the spatial and temporal estimation of rainfall.
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Figure 4. (a) MBE, (b) MAE, (c) RMSE and (d) Correlation Coefficient between modeled and station precipitation data.

To further assess the performance of the simulated precipitation fields, an evaluation
analysis for each year was performed. This is presented through the creation of weighting
error plots for the MBE and MAE statistical indicators across the whole examination period
(Figure 5). The range of inter-quantiles bounds and maximum/minimum values around
the MBE and MAE medians is considerable due to the extent of the domain under study
that encloses areas with diverse meteorological characteristics. Systematic errors, provided
via the MBE, are centered close to 0 mm, with a small variation of approximately 0.1 mm.
Larger deviations per year are present in the median MAE values with values remaining
below 0.25 mm in most of the years.

Relevant weighting error plots have been constructed for an inter-annual evaluation
analysis (Figure 6). Most of the MBE values are close to zero, with a small underestimation
found in January. Error ranges are wider from January to April and from October to Decem-
ber. Similar results are also evident for the MAE values, with the largest errors presented
in April. This is rather expected, considering that within these months, precipitation is
more frequent and with higher rates, leading to spatial and temporal discrepancies.

In order to understand the precipitation features and the climatic characteristics affect-
ing them, the following chapters focus on: (i) a mean annual and monthly accumulated
precipitation analysis to assess the seasonal changes in rainfall patterns, (ii) a trend analysis
investigating the changes in the precipitation amount through this 30-year period and
(iif) an intensity—duration—-frequency analysis focusing on precipitation events that cause
floods every year.
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Figure 6. Inter-annual (a) MBE and (b) MAE variation between modeled and station pre-
cipitation data. Central red marks display the median, box edges display the range be-
tween the 25th and 75th percentiles and the whiskers point to the minimum and the maximum
values, respectively.

3.2. Mean Annual and Monthly Accumulated Precipitation

Rainfall in AP is mostly an outcome of convection processes. There are intense local-
scale events that often lead to floods. The duration of precipitation is short, typically
lasting for a few hours. This highly localized nature and the short duration of precipitation
makes its monitoring a challenging procedure. On an annual basis, the mean accumulated
precipitation distribution (Figure 7) reveals that the southwest region of the AP receives
the highest amount of precipitation throughout the whole year due to the orographic
enhancement of precipitation and the increased convective activity. On the contrary, there
are two dry regions: the northwestern region (an extension of the Egyptian dry zone) and
the southeastern region, over the Rub Al-Khali, the world’s largest sand desert.

Precipitation mostly occurs from October to April (Figure 8). During winter, rainfall
is mainly an outcome of the Mediterranean cyclones and frontal zones. Secondary low-
pressure systems that develop under favorable upper-level conditions, involving upper-
level troughs and jet interaction may also contribute. Furthermore, cold air advection from
the northeast, due to the extension of the Siberian high, meets the warm humid air coming
from Sudan over the southern Red Sea through a corresponding trough (Figure 9a). The
latter tends to cause rainfall due to both instability and orography [41]. There are cases
when weather systems move southward along the Red Sea trough and provide winter
precipitation as far south as Mecca and sometimes as far as Yemen. In March and April,
limited precipitation, often torrential, occurs. In summer, the highlands of Asir receive
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great amounts of rainfall affected by the monsoonal winds to support a steppe-like strip
of land.
mm
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Figure 7. Mean annual accumulated precipitation for the years 1986-2015 (model output).

During March, the desert front that forms during the transitional period of spring
across southern Egypt and the northern Red Sea into central Saudi Arabia results in
the formation of a secondary wave over the central Red Sea (Figure 9b) associated with
extensive thunderstorms and intense precipitation. In April, thunderstorms and heavy rain
are associated with convective activity due to the passage of desert fronts and the thermal
trough of Sudan.

In summer, the Mediterranean systems do not affect the region. The monsoon south-
westerlies that affect the peninsula (Figure 9c) are conditionally unstable and provide
moisture; therefore, they can induce thunderstorms, mainly in the southwestern part.
October and November are the months when the rainfall is associated with secondary lows,
generated in the examined region or Mediterranean, depressions and fronts that move
towards the central AP (Figure 9d).

The southwestern part of the Arabian Peninsula is characterized by mild steppe
climate in contrast to elsewhere, where a hot desert climate is met. This is attributed
to the fact that rainfall is relatively frequent, especially during winter and spring. The
precipitation climate of this part is influenced by the Red Sea, the topography of Arabian
Peninsula and Eastern Africa and the Indian Ocean monsoon [41].
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3.3. Trend Analysis

The number of studies focusing on the estimation of rainfall trends in the AP em-
ploying either observational or modeled datasets is rather limited [1,4,42,43]. Therefore,
the spatiotemporal density and the extent of this database can be an added value in un-
derstanding the recent changes in the precipitation patterns and behavior. To this end,
the implementation of both monthly and annual approaches was decided for this study.
The calculated trends are based on the nonparametric approach by Sen (1968). The de-
picted output was found to be statistical significant, tested at a 0.05 significance level
using the Mann—Kendall’s test [44,45]. For the sake of simplicity, the results were inte-
grated to a ten-year period and normalized by the accumulated precipitation of the same
reference period.

The spatial distribution of the accumulated precipitation trends on an annual basis
presents insignificant percentage values in the time period 1986-2015 (Figure 10). There is,
however, a decrease of about 0.5% per decade observed over the eastern part of the Empty
Quarter. Even if this magnitude appears to be trivial, it is essential as it affects a large
sand desert located in the southern borders of Saudi Arabia, including also parts of Oman,
United Arab Emirates and Yemen. This comes in general agreement with previous studies
that investigate changes in precipitation observations in AP.
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Hasanean and Almazroui [1] resulted in an estimated reduction in rainfall over the
Arabian Peninsula for the period 1978-2009. Contrary to what it is observed here, the
annual precipitation decreased over northern regions of the Peninsula and increased over
the south. The estimation, however, was performed employing datasets with a 10-year
shift as compared to the dataset used here. At the same time, Almazroui et al. [4] found in-
significant changes during the period 1979-1993 and a decrease over the period 1994-2009.
Moreover, AlSarmi and Washington [5] reported an insignificant but yet a negative trend
in precipitation in a study covering the time period 1986-2008.
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Figure 10. Annual accumulated precipitation (modeled) change (percentage) per 10 years.

Despite the fact that the inter-annual changes of the accumulated precipitation were
found to be insignificant, the monthly changes are quite interesting (Figure 11). There are
both positive and negative trends depending on the month under investigation with a range
of approximately 2% around zero. However, it should be mentioned that each percentage
change should be studied alongside (and compared to) the mean monthly accumulated
precipitation discussed earlier. The reason behind this suggestion is that sometimes consid-
erable percentage changes refer to small amounts of precipitation, rendering them rather
insignificant from a practical point of view.

A general remark would be that there is a seasonal shift on the accumulated precipita-
tion as neutral to negative trends, observed from December to April and rather positive
trends over the remaining months. In December, a decrease of about 5 mm/decade is
visible in mid-North Peninsula. A slightly lower decrease is found in January accompanied
with a positive trend of about 5 mm/decade in the north of Medina. Larger deviations
with a decrease of more than 10-15 mm/decade emerged from February to April alongside
the borders of Saudi Arabia, Oman and Yemen with the highest values to be traced over
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the northern parts of Yemen during April. A small increase in the order of 5-10 mm per
decade (maximum) is the case regarding the rest of the months. The large changes found
over sea are a result of the normalization process. They could be also linked to reasons like
model bias and SST anomaly. Therefore, no special focus is dedicated as the information
could be misleading. It is evident that the trends on an annual basis (Figure 10) are mostly
dominated by the winter/wet season changes (Oct-Apr, Figure 11). As stated earlier, the
large percentage changes found during the dry season may result in small actual rainfall

changes and a negligible impact.
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Figure 11. Monthly accumulated precipitation (modeled) change per 10 years for (a) January, (b) February, (c) March,
(d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November and (1) December.
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Precipitation is an important factor for various activities in the region due to its scarcity.
However, floods and/or flash floods tend to cause extensive problems on infrastructure
and pose threat to human life as they often lead to casualties. In many cases, extreme
rain rates associated with thermal convection are observed. During such intense rainfall
events, runoff flows from the hills and mountains towards lower heights, causing flash
floods in urban areas. This is also associated with the dryness of the soil and the absence
of dense vegetation. Therefore, the study of the intensity and the duration of extreme
precipitation events is more than valuable to a variety of sectors from engineers to civil
protection agencies.

3.4. Extreme Value Analysis (Intensity, Duration and Frequency)

The intensity related to the duration and probability of occurrence of rainfall events
can provide useful information regarding the potential impact of extreme cases. Therefore,
an analysis has been performed for specific locations. The sites (Figure 1) were selected
due to their importance based on population, economic and cultural characteristics and in
order to be representative of the region’s various climatic patterns.

Beginning with the locations in the eastern part of the AP, the average rainfall intensity
for different durations and return periods, appears to be similar in terms of magnitude
(Figure 12). A 3 h event with average rain rate of 4-5 mm/h is expected in Kuwait city,
Burayadah, Manama, Doha, Dubai, Abu Dhabi, Muscat and Salalah every 8-10 years.
Extreme events over these areas are rather convective with duration in the scale of minutes
to an hour. Events with longer return periods could affect the same areas with 21-24 mm
accumulated precipitation over 3-h duration and an average rain rate gradually falling for
larger durations. Around 50 mm is expected over a 12-h period and a 1% probability of
occurrence. Slightly higher rates are found in Riyadh with the 3-h accumulated precipita-
tion ranging between 20 and 35 mm for a 10- and a 100-year return period, respectively.
A quick reduction in rainfall intensity is observed in larger durations, resulting in similar
patterns, as in the rest of the locations. This is rather expected due to the nature of the
atmospheric systems.
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Figure 12. IDF curves (modeled output) for selected locations/cities in the east part of the Arabian Peninsula: (a) Kuwait
city, (b) Burayadah, (c) Manama, (d) Riyadh, (e) Doha, (f) Dubai, (g) Abu Dhabi, (h) Muscat and (i) Salalah.

The western part of the AP is characterized by a greater variability (Figure 13). It is
highly affected by the Mediterranean lows in the north and the monsoonal activity in the
south. An additional characteristic is that the humidity of the air masses affecting this
part is higher due to the presence of neighboring warm seas, such as the Mediterranean
Basin in the north, the Red Sea in the east and the Sea of Aden in the south. Therefore,
heavier precipitation events are generally expected. However, this is not evident in all
locations as different rainfall patterns are observed. Beginning with the more arid areas,
Arar, Tabuk, Hail and Medina are characterized by lower values compared to the eastern
side. Precipitation is rare and extreme events are less likely to take place. Jeddah, Mecca
and Jazan have quite comparable behavior. This can be attributed to their similar climatic
characteristics. They are all nearshore locations, affected by the warm and humid air
masses originating from the Red Sea. The existence of Azir and Sarawat mountains on
the east of the aforementioned cities often causes orographic lifting of the wind flow
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leading to convection and extreme precipitation events. A total of 30 mm of accumulated
precipitation over a period of 3 h can be expected in Jeddah and even higher values in Mecca
and Jazan. However, the rain rate is quickly reduced in longer durations, especially in
Mecca, something that further highlights the short duration of precipitation over the region.
Sanaa on the other hand is characterized by a wet climate. It is located in an altitude
of 2250 m receiving more than 200 mm/year (Figures 2 and 7). Extreme events with
a rainfall intensity of more than 22 mm/h and duration of about 3 h are expected at
a 10-year frequency. Although extreme events are more likely to happen in this particular
region, they have the same characteristic when it comes to their duration. Therefore, for
a 10-year recurrence interval, around 65 mm of accumulated precipitation is expected
within a period of 3 h and 130 mm within 12 h. This means that quadrupling the duration
leads to a doubling of the total amount of precipitation. Aden is a sea side location
characterized by increased humidity [10] with low amounts of precipitation, yet higher
than most of the other locations examined.
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Figure 13. IDF curves (modeled output) for selected locations/cities in the west part of the Arabian Peninsula: (a) Arar,
(b) Tabuk, (c) Hail, (d) Medina, (e) Jeddah, (f) Mecca, (g) Jazan, (h) Sanaa and (i) Aden.
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A better understanding of the behavior of extremes in the region requires the exam-
ination of the spatial distribution of the relation between the intensity, the duration and
the frequency of precipitation events. However, it is practically impossible to depict 3D
information over a printed map. Therefore, in order to be able to have an overview of this
behavior, the average intensity of a hypothetical event for selected durations and return
periods was estimated. More specifically durations equal to 3, 6, 12 and 24 hours and
return periods equal to 25, 50 and 100 years were selected (Figure 14, Figures A2 and A3).
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Figure 14. Average rainfall intensity (modeled) for durations of 3, 6, 12 and 24 hours (a—d, respec-
tively) and a 25-year return period.

The general pattern of the spatial distributions regarding the average rainfall intensity
for all durations and return periods follows that of the mean annual accumulated precipi-
tation (Figure 7). As expected, the precipitation rate drastically falls for larger durations.
In particular, for durations greater than 12 hours, it is practically an artificial outcome
of the averaging taking place during the application of the extreme value methodology
described earlier, with an exception of the areas located southeast. This bottom half-coastal
region in the east is the most affected by extreme events, something already expected from
the discussion on the intensity, duration and frequency relations in Mecca, Jeddah, Jazan
and Sanaa. This zone receives precipitation with intensities between 10-20 mm/h and
an average duration around 3 h once every 25 years. Slightly lower values but with a same
pattern are observed for 6-h events. At higher return periods, intensification is expected.
However, an “upper bound” is observed as maximum values tend to converge.
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4. Conclusions

The Arabian Peninsula is one of the most important economic regions in the world
and home to more than 80 million people. Its prevailing climatic characteristics belong to
the desert climate in the Koppen classification, with high temperatures, low rainfall and
strong dust presence. This leads to low levels of soil moisture and water supply, affect-
ing agriculture and human activities in general. At the same time, intense precipitation
events cause floods every year with severe damages and casualties. Therefore, an extensive
analysis of the climatic precipitation features deemed necessary. The limited amount of
in situ observations over large parts of the peninsula was a restrictive aspect in terms of
a climate oriented analysis. In this study, this was confronted through the employment
of a state-of-the-art atmospheric model. The model was used for the regional analysis
covering the entire peninsula and provided atmospheric data for 30 years with a temporal
resolution of 9 km and a spatial resolution of 3 hours. The atmospheric model perfor-
mance in the representation of the rainfall patterns was thoroughly examined through
a qualitative and quantitative analysis. In situ and satellite data were deployed and their
juxtaposition with model outputs was indicative of a reliable model behavior. The mean
accumulated precipitation spatial distribution and variations were efficiently captured
both on an annual and a monthly basis. The output efficiency was also supported by the
good statistical indices.

The analysis was performed in three main components; the mean climatic characteris-
tics, the rainfall trends and the extreme cases. Beginning with the spatial distribution of the
mean annual accumulated precipitation, higher accumulation values were evident in the
southwest due to the topographic characteristics. On the contrary, two dry regions emerge,
the northwestern one as an extension of the Egyptian dry zone and the southeastern one
over the Rub Al-Khali, the world’s largest sand desert. In the monthly analysis, lower
precipitation was generally evident from October to April. During winter, rainfall was
associated to the passage of low pressure systems originating from the Mediterranean Sea
and the cold air being advected from the northeast. In the second scenario, air masses
met the warm humid air over the southern Red Sea causing rainfall. In March and April,
intense convective activity and heavy rain events might occur. During summer, the region
is not affected by the Mediterranean systems. The monsoon southwesterlies often cause
thunderstorms mainly in the southwestern part of the peninsula. Rainfall in October and
November is associated with secondary lows generated over the Mediterranean.

Another important issue to address when investigating the climatic characteristics of
precipitation over a particular region is the potential changes on the total rainfall amount
received. The spatial distribution of the accumulated precipitation trends revealed insignif-
icant percentage differences in the time period of interest. A slight decrease, however, was
observed over an extensive area covering the largest desert of the peninsula, across the
Saudi Arabian borders. Regarding the monthly analysis, a seasonal shift on the accumu-
lated precipitation was evident. Neutral to negative trends were observed from December
to April and positive in the remaining months.

In most cases, precipitation in the region occurs as an outcome of convection. It has
a highly localized nature and a tendency to cause floods despite its short duration. The
behavior of intense precipitation was examined through an extreme value analysis. The
analysis took into consideration the intensity and the duration of a precipitation event
simultaneously. The eastern parts of the peninsula presented the lowest risk associated
with extreme events. Slightly higher rates, however, were met in Riyadh. The pattern in
the western domain was more interesting. The top half experienced a similar pattern with
the East. This was not the case, however, in the southwest, where a coastal zone affected
by the warm Red Sea and the Sea of Aden, the mountains of Azir and Sarawat and the
monsoonal activity faced the highest risk. Over this area, events with 3-h accumulated
precipitation values over 50-60 mm were quite frequent in terms of return periods. These
values were even higher in higher elevations.
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The precipitation patterns and their variability often pose a global socioeconomic
threat, let alone affecting the local population. This paper is an effort to outline the detailed
climatic characteristics of precipitation in the Arabian Peninsula in space and time, which is
especially important in a climate-changing environment. The outcome has an added value
in terms of civil protection and industry applications such as constructions and reinsurance.
However, a further examination of the behavior of additional contributing parameters will
follow. This will provide a more sophisticated insight and a deeper understanding of the
processes and their expected impact in the forthcoming years.
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Figure A1l. Mean monthly accumulated precipitation (IMERG) for (a) January, (b) February, (c¢) March, (d) April, (e) May,
(f) June, (g) July, (h) August, (i) September, (j) October, (k) November and (1) December.
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Figure A2. Average rainfall intensity (modeled) for durations of 3, 6, 12 and 24 hours (a—d, respectively) and a 50-year
return period.
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Figure A3. Average rainfall intensity (modeled) for durations of 3, 6, 12 and 24 hours (a—d, respectively) and a 100-year
return period.
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