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Abstract: The Saudi Arabia (SA) climate varies greatly, depending on the geography and 

the season. According to K öppen and Geiger, the climates of SA is “desert climate”.  

The analysis of the seasonal rainfall detects that spring and winter seasons have the 

highestrainfall incidence, respectively. Through the summer,small quantities of precipitation 

are observed, while autumn received more precipitation more than summer season 

considering the total annual rainfall. In all seasons, the SW area receives rainfall, with a 

maximum in spring, whereas in the summer season, the NE and NW areas receive very little 

quantities of precipitation. The Rub Al-Khali (the SE region) is almost totally dry. The 

maximum amount of annual rainfall does not always happen at the highest elevation. 

Therefore, the elevation is not the only factor in rainfall distribution.A great inter-annual 

change in the rainfall over the SA for the period (1978–2009) is observed. In addition, in the 

same period, a linear decreasing trend is found in the observed rainfall, whilst in the recent 

past (1994–2009) a statistically significant negative trend is observed. In the Southern part 

of the Arabian Peninsula (AP) and along the coast of the Red Sea, it is interesting to note 

that rainfall increased, whilst it decreased over most areas of SA during the 2000–2009 

decade, compared to 1980–1989.Statistical and numerical models are used to predict rainfall 

over Saudi Arabia (SA). The statistical models based on stochastic models of ARIMA and 

numerical models based on Providing Regional Climates for Impact Studies of Hadley 

Centre (PRECIS). Climate and its qualitative character and quantified range of possible 

future changes are investigated. The annual total rainfall decreases in most regions of the SA 

and only increases in the south. The summertime precipitation will be the highest between 

other seasons over the southern, the southwestern provinces and Asir mountains, while the 

wintertime rainfall will remain the lowest.The climate in the SA is instructed by the El Niño 

Southern Oscillation (ENSO) and other circulations such as centers of high and low pressure, 
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the North Atlantic Oscillation (NAO) and SOI. Strength and oscillation of subtropical jet 

stream play a big role in pulling hot, dry air masses of SA. 

Keywords: rainfall; prediction; pressure system; Saudi Arabia; climate classification; 

climatic indices 

 

1. Introduction 

Scientific knowledge and literature relating to the climate and climate change of the SA is scattered, 

incomplete and limited. In spite of the fact that the Mediterranean and neighboring areas have been 

extensively explored throughout the last few decades [1–4], the SA region has received little attention. 

Brief and sound climatological information on the Arabian Peninsula (AP) was provided by [5–7], and 

they demonstrate that there is a wide climatic spectrum on the AP, from the snows of the Asir Province 

in SA to the over powering humidity of the Arabian Gulf, from the searing heat of the Rub Al Khali to 

the monsoon precipitation in the Qara mountains in Dhofar. SA is characterized by a complex 

topographical surface and covers vast areas (approximately 2,250,000 km2), occupying nearly eighty 

percent of the AP. SA stretches from 15.5°N to 32.5°N in latitude and from 32°E to 55°E in longitude 

(Figure 1). The Rub Al-Khali (Empty Quarter) is situated in the eastern and southeastern regions of SA, 

and is the largest continuous expanse of sand desert in the world. 

 

Figure 1.Names and locations of Saudi Arabia stations [8]. 
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The country is characterized by distinct climatic regions, due to high spatial and temporal temperature 

variability. According to the Köppen classification the major parts of SA are hot and dry [9], where 

precipitation is infrequent and temperature is high [10,11]. On the other hand, the southwestern area of the 

SA is classified as semi-arid [9]. Irregular, heavy rainstorms happen on only a few days in a year and only 

in some areas of the SA. Therefore, the SA is considered one of the driest countries in the world. With the 

exclusion of the southwestern coast, the SA climate is described by extreme heat throughout the day, a 

sudden fall in temperature at night, and little, irregular precipitation. The aridity index classifies the study 

region as having desert conditions and a water deficit except the mountainous regions, which can be 

described as semiarid [12]. For a better understanding of the climates of SA, Aurhors in [10,13] used a 

multivariate technique. The southwestern region of SA is studied by [14,15]. They discussed the aridness 

of the region and the rainy seasons. The southwestern area is described by having precipitation during the 

year, wherever the geography increases local convective precipitation [15,16]. 

The precipitation in most areas of the SA is scarce, infrequent, and generally falling from October 

through April [17]. Throughout other months, there is almost no precipitation with the exception of 

thesouthwestern region of Saudi Arabia [18]. The spatial variation of the precipitation in the southwestern 

region is high due to mountainous regions. The southwestern region of SA is characterized by rainfall 

events during the entire year due to the topographically driven convective rain [14,16]. The annual total 

precipitation in the north of this region, mainly in Jeddah (21.71°N, 39.18°E), ranges from50 to 100 mm, 

happening principally through the wintertime. In this semi-arid region, only a few precipitation events are 

sufficient to produce this amount [9]. 

The prediction and description of precipitation variability in time and/or space are primary requirements 

for a wide variety of water project designs and human activities. The climate of the Arabian Peninsula 

represents an issue of particular concern within the context of regional climate change and variability. 

Regional and local climate is affected by both surface featuresand large-scale atmospheric circulation. 

Furthermore, atmospheric circulation changes and fluctuations are important aspects of the climate. 

Regional and local variations or changes in the character of rainfall depend a great deal on atmospheric 

circulation patterns determined by the North Atlantic Oscillation (NAO), El Niño Southern Oscillation 

(ENSO), and other patterns of variability. A shift in the rainstorm track creates some regions wetter and 

some drier is associated with the changes in the atmospheric circulation patterns. 

In this paper, we review the rainfall variability and mechanisms over SA as derived from the historical 

literature and summarize the scientific contributions to the subject. The climatology of rainfall on a 

seasonal and annual basis is presented in Section 2 before embarking on the study of the variability of 

the rainfall (Section 3). Two different variability aspects are discussed; the variability with altitude, and 

the variability with the region in Sections 3.2 and 3.3, respectively. Moreover, after review of the rainfall 

variability over SA, one needs to know in the future, is the rainfall going to increase or decrease?Thus, 

a review of the rainfall prediction is presented in Section 4. The rainfall mechanisms over SA occupy 

the important part of this work. The influence of the large scale circulation patterns such as ENSO and 

NAO is reviewed in Section 5, and the effect of the surface pressure system, including the Subtropical 

and Siberian high pressure systems. The Icelandic and Sudan lows are also reviewed. The role of the jet 

streams on the surface, cyclogenesis, and rainfall is discussed in Section 5.4. The conclusion is presented 

in Section 6. 
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2. Seasonal and Annual Rainfall Climatology 

The seasonal distribution is shown as the proportion of the annual precipitation that falls in each of 

the four seasons. This distribution is clarified by the prevalence of one or another weather classification 

at different times of the year. The wintertime precipitation pattern is influenced throughout North Africa, 

Europe, West Asia, and Central Asia. Springtime precipitation mainly linked to the westerly systems for 

the central landmass of the AP. Indian monsoons affect the area in summer season with peaks in the 

highlands of Yemen and the Dhofar region in southern Oman. Except in the northern Red Sea coast area, 

autumn does not contribute much precipitation. 

Usually, during the wet season, a great quantity of precipitation is found on the northern rim of the AP 

and through the dry season above the southern regions; a result obtained depended on the short-term 

climatology of precipitation from the TRMM dataset throughout the period from 1998 to 2009 [19]. Over 

the southwestern area of SA, the seasonal rainfall distribution is limited as described by [16]. Due to 

topographically-driven convective events, rainfall in southwestern SA is described by rain episodes during 

the entire year [14,16]. However, Authors in [20] studied the seasonal precipitation pattern for the AP 

using long term datasets in detail (CMAP and CRU gridded datasets). 

The wet season rainfall patterns obtained from observed data sets averaged over the period from 1979 to 

2009, CMAP, and the CRU are displayed in Figure 2. To avoid any interpolation, the observed dataset for 

each station location is displayed (Figure 2c). Two belts of heavy-rain in the AP region are shown in  

Figure 2a.The first occurs above 30°N in the north and the second exists below 15°N in the south. A northern 

belt tongue extends from central SA into the northern Arabian Gulf. Moreover, a similar southern tongue 

extends from western and central SA into Ethiopia/Eritrea. In addition, from Figure 2a, one can clearly see 

two light rain areas. The first is above the Rub Al-Khali while the other is above Egypt and its surroundings, 

extending to northwestern SA. Similarly, from Figure 2b, one can also see heavy-rain belts in the data of 

CRU. Conversely, the southern belt is narrower. The light rain area is also very clear above the Rub Al-Khali 

in the CRU dataset. Inside SA, the relatively heavy precipitation regions are along the southwestern coast 

and the SW to NE inclined precipitation band, which passes above the middle region of the SA. The station 

datasets (Figure 2c) verify the relatively higher quantities over the southwestern coast and in the middle of 

the SA and the low precipitation quantities in the NW region. For the wet season, the maximum observed 

precipitation is 144.8 mm was recorded at Abha station in the southwestern region (Table 1). There are no 

stations in the southeastern region. On the other hand, the station adjacent to that area indicates a small 

quantity of precipitation. Authors in [21] explains that Sudan low, as well as the Mediterranean climate 

conditions, impact the wet season precipitation climatology of SA, which increases the precipitation. 

Figure 3 displays the dry season precipitation averaged over the period from 1979 to 2009. The dataset 

of CMAP (Figure 3a) explains no precipitation over the major areas of Egypt and an east to west dry 

zone (precipitation 20 mm) among 20°N and 33°N. The dry region is also obviously noticeable in the 

dataset of CRU (Figure 3b). Both of the CRU and CMAP datasets illustrate small precipitation over SA, 

except in the southwestern coastal region. The observed dataset (Figure 3c) gives a like situation. The 

open circles represent precipitation below 1 mm throughout the dry season (Figure 3c). Hence, the Sudan 

low and the Indian monsoon impact the dry season precipitation over SA. Weather situations of the 

Mediterranean do not affect the dry season precipitation of the SA [21] due to the precipitation changes 



Climate 2015, 3 582 

 

 

significantly in time and space [18,22]. Because of high resolution, the TRMM dataset is more reliable 

in terms of obtaining the precipitation climatology. 

Table 1. The surface observation station information and the corresponding rainfall amounts 

(mm) over Saudi Arabia during the period 1979–2009. The wet season is November to April 

and the dry season is June to September. In the first column, the asterisk (*) after the station 

name indicates that the dataset is available from 1985. The last row provides the national 

average rainfall values averaged over all the stations [19]. 

Station Information Rainfall (mm) 

Station Name 
Lat 

(°N) 

Long 

(°E) 
Altitude (m) Annual Wet Season Dry Season 

Turaif 31.68 38.73 852 85.5 73.9 0.4 

Guriat 31.40 37.28 504 46.7 40.5 0.1 

Arar 30.90 41.14 550 58.6 51.1 0.1 

Al-Jouf 29.78 40.10 670 56.4 45.9 0.9 

Rafha 29.62 43.49 445 86.9 75.9 0.1 

Tabuk 28.37 36.60 770 29.3 20.7 1.0 

Hail 27.44 41.69 1000 116.4 95.3 0.5 

Wejh 26.20 36.47 20 25.3 24.1 0.1 

Gassim 26.30 43.77 648 145.6 125.6 0.3 

Madina 24.54 39.70 630 64.7 49.8 4.5 

Yenbo 24.14 38.06 8 31.0 24.9 0.1 

Al-Qaysumah 28.33 46.12 360 126.5 115.1 0.3 

Dhahran 26.26 50.16 22 92.5 89.8 0.0 

Al-Ahsa 25.30 49.49 180 84.8 79.8 0.8 

Riyadh New 24.92 46.72 612 110.6 104.6 0.0 

Riyadh Old 24.71 46.73 610 88.9 81.2 0.3 

Jeddah 21.71 39.18 18 51.2 47.8 0.5 

Makkah 21.43 39.79 273 110.6 81.6 11.5 

Taif 21.48 40.55 1455 174.6 87.2 31.7 

Al-Baha 20.29 41.64 1655 142.6 79.4 29.8 

Bisha 19.99 42.61 1167 88.5 62.4 6.6 

Wadi-

Aldawasser 
20.30 45.12 617 26.1 24.2 2.8 

Abha 18.23 42.66 2100 230.3 144.8 50.3 

Khamis- 

Mushait 
18.29 42.80 2047 189.3 85.1 67.0 

Najran 17.61 44.41 1213 60.1 36.8 13.1 

Sharurah 17.47 47.12 727 70.3 43.0 20.4 

Gizan 16.90 42.58 4 131.8 66.7 40.5 

Country 

normal 
 93.5 66.8 10.6 
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Figure 2. Spatial distribution of the wet season rainfall (mm) averaged for the period  

1979–2009 obtained from the (a) CMAP; (b) CRU; and (c) station datasets [19]. 

Figure 4 displays the wet season precipitation pattern over the period from 1998 to 2009 gained from the 

measurement, CMAP, CRU, and TRMM datasets. For the same duration, authors in [18] used the TRMM 

dataset. Like the pattern of precipitation climatology for the period from 1979 to 2009 discussed earlier (see 

Figure 2), there are again two light precipitation areas in the CMAP (Figure 4a), CRU (Figure 4b) and 

TRMM (Figure 4c) datasets throughout the period from 1998 to 2009 over the AP. The first is above the 

Egypt prolongation to northwestern SA and the second is over the Rub Al-Khali. A relatively heavy 

precipitation zone from southwest to northeast across SA is observed. A heavy rain belt above 28°–30°N 
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remains the same over the northern part of AP. On the other hand, the southern rain belt of AP is shifted 

to the south and it is situated below 10°N. A similar pattern of wet season precipitation gained from the 

stations dataset (Figure 4d). For both the CRU and CMAP datasets, the spatial pattern of precipitation over 

SA is more or less similar to that obtained for the period 1979–2009 (see Figure 2). This means that the 

gained precipitation pattern persisted throughout the wet season in this area, but the quantities might vary 

due to the varying lengths of the analysis period. 

 

Figure 3. Spatial distribution of the dry season rainfall (mm) averaged for the period  

1979–2009 obtained from the (a) CMAP, (b) CRU, and (c) station datasets. In panel (c), the 

open circles indicate rainfall amounts less than 1 mm [19]. 
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Figure 5 represents the dry season precipitation short-term climatology averaged above the period 

from 1998 to 2009. In this season, as discussed earlier (see Figure 3a), there is no rain belt that extends 

up to the Arabian Gulf for CMAP (Figure 5a), and a similar pattern in the data of TRMM (Figure 5c). 

The heavy precipitation band in the southern AP remains the same for the period from 1979 to 2009 as 

obtained earlier. In the southeastern coastal region, the relatively heavy rain is a unique feature, as gained 

from the TRMM, CRU, CMAP and observed datasets, and suitable with the long-term CRU, CMAP and 

observed datasets. This reveals that irrespective of the length of the analysis period. Consequently, one 

concluded that the present precipitation distribution pattern for the dry and wet seasons represent the 

precipitation climatology of the SA.From Figures 2–5, one can notice that the CRU dataset over SA is 

approximately equal to the measurement station data. However, due to TRMM's high resolution and 

CMAP’s coarse resolution, the TRMM dataset is better than CMAP, compared with the measurement 

data. The mean annual precipitation for the AP gained from the CMAP, CRU and observed datasets for 

the period from 1979 to 2009 is analyzed by [20]. The rainfall is also low (under 60 mm) over the 

world’s greatest sand desert (Rub Al-Khali). 

 

Figure 4. Spatial distribution of the wet season rainfall (mm) averaged over the period  

1998–2009 obtained from the (a) CMAP; (b) CRU; (c) TRMM; and (d) station datasets [19]. 

On an annual basis, the presence of the subtropical high pressure contributes to decreasing the 

precipitation quantities between15°and 30°N. However, in the middle-to-north of SA, a moderately 
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heavy precipitation (80–150 mm) area is found and in the extreme southwestern corner of the AP  

(i.e., in Yemen) that extends up to southwestern SA and may extend into southern Oman heavier 

precipitation (> 150 mm) is evident. Heavy rainfall results in the southwest of SA are harmonizing with 

the obtainable information (e.g., [14,15]). Similar to the period 1979–2009 discussed earlier, the  

short-term annual precipitation climatology over the AP for the period from 1998 to 2009  

(Figure 6) explained that heavy mean annual rainfall (>150 mm) occurred periodically over the 

southwestern area of the AP, which contains the SW of SA, while in the central parts of SA moderate 

heavy precipitation (80– 150 mm) is also noticeable. In this short-term climatology, the dry (0–40 mm) 

and moderately dry (40–80 mm) zones to the west of the AP and over the Rub Al-Khali are also obvious. 

For both short-term and long-term mean annual precipitation climatology, the moderately dry region over 

the Rub Al-Khali, with a moderately wet region over the southwest of the SA is found. Authors in [20] 

concluded that the Rub Al-Khali, the southeastern region of the AP, received the lowest annual rainfall 

throughout the period (1979–2009) while the SW region of the AP received the highest annual 

precipitation throughout the same period. 

 

Figure 5. Spatial distribution of the dry season rainfall (mm) averaged over the period 1998–

2009obtained from the (a) CMAP; (b) CRU; (c) TRMM; and (d) station datasets. In panel (d), 

the open circles indicate rainfall amounts less than 1 mm [19]. 
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Figure 6. The spatial distribution of the mean annual rainfall (mm) obtained from the  

(a) CMAP; (b) CRU; (c) TRMM; and (d) observed datasets, averaged over 1998–2009 [20]. 

3. Climate Changein Rainfall over Saudi Arabia 

The definition of climate change is any change in climate over time, as a result of human activity or 

as the natural variability [23]. Increases in concentrations of greenhouse gas, mostly owing to  

human activity, are causing the Earth’s surface to warm. Particularly, atmospheric concentrations of 

CO2, have increased to levels that are higher than previously as seen in reliable recorded history. Global 

warming influences will likely include increases of surface and ocean temperature, glacial melt, sea level 

rise, and more extreme weather events, such as floods, droughts and less rainfall in some regions, including 

in the SA, with greater desertification. 

Simulations of the climate model propose that anthropogenic influences (greenhouse gas increases 

together with aerosol increases) could cause a noteworthy climatic change in this region through the next 

century. Temperature increases throughout all seasons, and shifting rainfall patterns are likely, though 

their exact nature is far from certain [24]. Changes of temperature and precipitation have been noted at 

many locations of the SA. The nature of individual rainstorms is such that they are often of limited 
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spatial extent with substantial gradients in strength and quantity. This suggests that in big areas in the 

middle of a “rainy season”, the distribution in reality might be one of intense rains unglued by dry 

conditions or light falls [25]. 

3.1. Seasonal and Annual Rainfall Variations 

The area of Asir is subject to Indian monsoons, ordinarily happening among October and March [26]. 

During this period, an average of 300 millimeters of precipitation occurs, approximately 60% of the annual 

total. Additionally, condensation caused by the slopes of higher mountain participates to the total rainfall 

in Asir and the southern Hijaz. Precipitation is low and erratic for the rest of the country. Despite the fact 

that the normal precipitation is 79 mm/year [27], entire areas of the country may not experience 

precipitation for numerous years. When such droughts happen, like they did in the north in the year 1957 

and 1958, influenced regions may become unable to sustain either livestock or agriculture. 

Authors in [28] investigated wintertime rainfall in the central coastal lowlands of SA. They are 

situated on the Gulf coast in the SA north in Jubail City. The area is featured by a Mediterranean climate 

regime displaying a dry and hot summertime season and a cooler wintertime with precipitation. The 

study of regional climate data depended on the observations of three weather stations throughout three 

wintertime periods. For more study GMS 5 (col) IR and MET5/7 IR satellite images were used to locate 

tracks of cyclones and cloud formations. Four different types of rainfall happened throughout the 

observation period: (1) depressions from the Mediterranean Sea; (2) the formation of new cyclones in 

front of the Zagros Mountains above eastern Iran and Iraq; (3) currents from equatorial regions in 

Ethiopia and Sudan; and (4) convection cells. Investigating revealed that apart from the famous 

Mediterranean cyclone there are at least three more typical weather situations, which may give 

precipitation for the Eastern Province of SA. 

Author in [29] examined thunderstorm days in the period 1985–2003 in different regions of the SA and 

particularly those regions where lightning strikes are more frequent. Establishing the annual and seasonal 

thunderstorm days per year (Td/yr) for SA enables transmission and distribution line engineers to compute 

and improve designing a lightning protection system. Over the southwestern areas of the SA, annual 

thunderstorms are most frequent, and, in general, decrease towards the west and east. The west coast of the 

Red Sea recorded is the lowest Td/yr, because its low elevation and less temporal change. In the southeast of 

the central area of the SA, a secondary maximum Td/yr is noticeable. In general, thunderstorm frequency 

does not appear to vary in any consistent way with precipitation. The southern area, generally, and especially 

the cities of Al-Baha, Taif and Abha, has shown greater numbers of thunderstorm days all year round. In 

addition, this variation did exhibit a higher frequency during the year. 

Authors in [30] studied the type of wintertime disturbances related to heavy rainfall over the SA 

region. A case study of cyclone over SA is on 5 January 2002. They concluded that the greatest of the 

wintertime precipitation episodes are related to the southeastward-propagating Mediterranean 

disturbances, creating a sub-synoptic depression over heated land due to such a disturbance. Polar lows 

above high-latitude oceans, on the polar side of the frontal area in cold periods, have been investigated 

thoroughly [31–34]. A small number of abrupt episodes of extreme adverse weather with heavy 

precipitation and floods affect the SA region during winter. 
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Authors in [35] studied the rainfall analysis and variability and investigated the relationship among 

the precipitation prediction over the SA and the atmospheric pressure systems. The most significant 

findings from this study of monthly, annual and the horizontal distribution of the seasonal average 

rainfall of each station of SA can be summarized as the following: 

(1) Two regions have the maximum annual rainfall, the first is the east of the middle region (Hail, 

Gassim, HafrAlbaten, Qaisoma, Riyad and Dharan) and the second is the southwest region (Taif, Baha, 

KhamisMeshiat, Abha, and Gizan). While the lowest rainfall values occur over the north and northwest 

areas. On the other hand, the southeast area does not contain any meteorological station and it is 

considered a dry area. 

(2) In winter, the maximum rainfall occurs over the north and middle of the eastern areas and over 

the mountain area in the southwest region. In general, the highest values of precipitation over SA occur 

during spring season. The summer season is the lowest season of precipitation over SA. However, in the 

south west area, the amount of rainfall over the other areas is very low. In autumn, only six stations have 

an average value greater than 10 mm (Hail, HafrElbaten, Qaisoma, Makkah, Taif and Gizan). The 

northwest and the southwest areas may be considered as drier areas in this season. Authors in [35] 

summarized the results of the analysis of the coefficient of variation (COV) of annual, winter, spring, 

summer and autumn rainfall can be summarized as follows: 

(a) In general, the winter rainfall COV value increases gradually from the north to south of SA. The 

higher COV values take place in the south of SA, particularly at Albaha, Najran and Sharorah 

stations, whereas, in the middle of SA, the higher values occur at Yanbo and Alahsa. 

(b) COV of the annual rainfall time series appears at the highest values at Alwajh, Yanbo, 

Jeddah, Najran and Sharorah stations, whereas the lowest values of COV appears at 

Qaisoma, Albaha and KhamisMeshiat stations. 

(c) The summer rainfall COV values are greater than those corresponding to winter, spring, 

autumn and annual values. 

(d) In the spring season, higher variability over the western area of SA (Tabouk, Alwajh, 

Madinah, Yanbo, Jeddah and Makkah) is observed. However, the lowest values of COV at 

the mountain stations (Taifh, Elbaha, Bisha, Khamis, Abha) are found. 

(e) Autumn rainfall COV value varies from area to area, where the highest values observed over 

the east in the middle area (Dhahran, Alwajh, Alahsq, Riyadh and at the lowest two stations 

(Najran, Sharorah). 

The trend analysis of the annual and seasonal values of rainfall over the stations of SA was  

made [35]. At over 16 stations, positive trends are detected, but negative trends are detected over 10 

stations—37 (Turaif, Guriat, Arar, Tabouk, Qaisoma, Alahsa, Albaha, Bisha, Khamis Meshiat and Abha) 

of the 38 annual rainfall time series. From the analysis of rainfall over SA and its relationship with the 

pressure systems, one can divide the periods of rainfall over SA into two main periods. In the first period, 

about 80% of the total rainfall over SA occurs during these months from November to May. The second 

period occurs during the summer season (June, July and August). 

A large inter-annual variability in the rainfall over SA for the study period (1978–2009) was found [20]. 

The observed rainfall in SA revealed a decreasing linear trend of 6.2 mm per decade during the study 

period (1978–2009), whilst in the recent past (1994–2009), there is a statistically significant decreasing 
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trend of as much as 47.8 mm per decade. In the Southern Peninsula and along the Red Sea coast, it is 

interesting to note that rainfall increased, whilst it decreased over most parts of SA during the 2000–2009 

decade, compared to 1980–1989. 

Researchers examined seasonal climate change of rainfall and temperature in the AP using CRU data 

for the period from 1979 to 2009[19]. Figure 7 represented the spatial distribution pattern of the dry and 

the wet season precipitation variability (%) for the decade from 1980 to 1989 (top panels), 1990–1999 

(middle panels), and 2000–2009 (bottom panels) respecting the base period from 1979 to 2009 for the 

CRU dataset. The dry seasons are in the right panels, while the wet seasons are in the left panels. 

Throughout the decade 1980–1989, the wet season precipitation was below the 31-year average over nearly 

all regions of the AP, while above average over middle and northwestern SA that extends to the northern 

border of the area (Figure 7a). The excess of above 10% is obvious over northwestern SA. Throughout 

1990–1999, the wet season precipitation variability is nearly opposite. Precipitation is above average over 

the AP region while below average in the inclined SW to the NW region over SA, which extends up to 

western Iraq and Jordan (Figure 7c).Throughout the first decade of the 21st century  

(2000–2009), precipitation is beneath the 31-year average over middle SA, which extends to all Gulf 

countries, but the above average values are sustained over southwestern AP, mainly over Yemen  

(Figure 7e). This means that the difference of precipitation on the decadal scale is still approximately the 

same when averaged over the periods 1979–2009 and 1998–2009, as discussed earlier. The precipitation 

excess over the Red Sea coast for the decade 1990–1999 and also for the decade 2000–2009 is noticeable, 

which is also obvious for the southern AP (Figure 7c and e). The relative decade percentage change of 

precipitation during the dry season follows the same distribution obtained for the wet season only for 

the southern AP since there is approximately no rain in the middle to northern AP. There is a precipitation 

deficit over Yemen, throughout the dry season, that extends into southern SA and Oman in the period 

1980–1989 (Figure 7b). The precipitation excess over all of the southern AP except for a deficit in a 

small sinus over eastern Oman (Figure 7d) throughout the decade 1990–1999 is observed. Precipitation 

was above average over the whole AP throughout the decade 2000–2009. 

Thus, it was recognized that, over the AP, precipitation enhanced in the relatively heavy rain regions 

throughout both the dry and the wet seasons in two consecutive decades (1990–1999 and 2000–2009, 

respectively) compared with 1980–1989 (see Figure 7). On the other hand, the variability of precipitation 

for any specific year was not obvious from the average image for these three decades. Consequently, the 

time series of the measured precipitation at the SA station throughout the period 1979–2009 for both the 

dry and wet seasons are exhibited in Figure 8, along with the results of a linear trend analysis. During the 

wet season, in general, precipitation has an insignificant decreasing trend of about 6.3 mm per decade. 

Careful inspection indicates that the wet season rainfall trend is positive (increasing) in the first few years 

and negative (decreasing) in the last few. One can divide the total analysis period into two halves. The first 

half is the period from 1979 to 1993 and the other period is from 1994 to 2009. The wet season precipitation 

demonstrates a significant negative (decreasing) trend (at the 95% level) at a rate of  

35.1 mm per decade throughout the second half period 1994–2009 (with a standard deviation value of  

34.0 mm), and it shows an insignificant positive (increasing) trend at a rate of 12.6 mm per decade 

throughout the first half period 1979–1993 (with the standard deviation value of 4.7 mm). This indicates the 

impact of the selection of the starting and ending years on the trend assessments, as examined by [36]. 
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Figure 7. Spatial distribution of the wet rainfall change (%) for the decade (a,b)1980–1989, 

(c,d) 1990–1999, and (e,f)2000–2009 with respect to the base period (1979–2009) for the 

CRU dataset (left panels: (a,c,e)) and the dry season (right panels: (b,d,f)) [19]. 

On the contrary, the wet season precipitation through the dry season over SA is low and mostly 

restricted to the southwest region, as described earlier. Through the dry season, the precipitation is 
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insignificantly positive (increasing) at a rate of 0.4 mm per decade for the whole period from 1979 to 

2009, with a standard deviation value of 7.4 mm (not shown). Although in the dry season the positive 

trend is small, it is differing in nature relative to the wet season trend. The nature of the trends is mostly 

determined by the extreme year of 1992 (37.1 mm). The results explain an insignificant positive trend 

at a rate of 2.0 mm per decade through the first period (1979–1993), with a standard deviation value of 

8.4 mm, while it is a significant (above the 90% level) negative trend at 5.5 mm per decade through the 

second period (1994–2009), with a standard deviation value of 5.9 mm. Irrespective of the season, the 

positive trends in the first half of the period are smaller compared with the negative trends in the second 

half. Therefore, the recent precipitation trends over SA have decreased; these might be related to the 

extended droughts, which have happened across the entire AP in the last decade. 

 

Figure 8. Time sequences of the observed (a) wet season and (b) dry season rainfall (mm) 

during the period 1979–2009 over Saudi Arabia. The seasonal trends are displayed for the first 

(1979–1993) and second (1994–2009) periods. For the wet season, the first/second period 

indicates insignificant/significant increase/decrease in rainfall (12.6/35.1 mm per decade). For 

the dry season, the first/second period indicates insignificant/significant increase/decrease in 

rainfall (2.0/5.5 mm per decade) [19]. 
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3.2. Precipitation Variations with Altitude 

Great environmental contrasts occur within short distances as a result of the diverse topography and 

the highly variable nature of the energy and moisture fluxes within the system. This is especially true in 

the western part of the SA and along the Red Sea coastal areas, where adjacent to the Tihamah, the rather 

flat coastal area about 50 km in width, there is a sharply rising mountain chain that reaches elevations 

greater than 1500 m, especially in the north where the Hijaz Mountains lie [12]. Due to the different 

morphological units in the western part of the SA, Tihamah, foothills, and mountains, the climate 

recording stations were lumped according to their location and related to one of these three 

morphological units. Table 2 shows the high variation in the mean rainfall from coastal areas of the 

mountains (five times). 

Table 2. Average rainfall and temperature for the main morphological units in the study  

area [12]. 

Topographical Units 
Rainfall (mm/Year) Temperature (°C) 

Min. Mean Max Min. Mean Max 

Coastal Area 17 50 100 24 32 39 

Foothill Area 103 170 230 22 29 34 

Mountain Area 70 325 650 16 22 28 

Otherwise, the temperatures in the foothills are a little different from coastal areas, whereas the 

differences are greater between the foothills and the mountains. The spatial variability of rainfall has 

strongly reflected the impact of topography, where the annual precipitation in general increases with 

altitude increase (Orographic impact). In general, the eastern part of the area receives a considerably 

higher amount of precipitation with an average of about 220 mm/year near the Hijaz mountain as 

compared to the western area having an average of less than 100 mm/year near the Red Sea coast  

(low lying areas, Tihamah). The general tendency for the rainfall is to be more regular in the highlands 

than the coastal plain. 

The annual rainfall variation with elevation is investigated. A positive relation between rainfall and 

elevation (r2 =  0.5828). However, the intensity of the relationship is affected by some outliers as can 

be seen in Figure 9, which shows that some low elevation stations receive a higher amount of rainfall 

whereas some high elevation stations receive low amounts. The result shows a strong and significant 

correlation (r = 0.75) and reflects the variation of rainfall in the study area. In general, the maximum 

amount of annual rainfall does not always happen at the highest elevation in three regions. Therefore, 

the elevation is not the only factor in rainfall distribution. Other geographic factors, like temperature, 

pressure, distance from the source moisture and topography are also important. In this analysis, the time 

factor (i.e.,seasonality) is found. Hence, the rainfall distribution is not uniform in time or in space; it 

should be treated and analyzed as spatiotemporal phenomena due to the spatial and temporal variations 

in rainfall, especially in arid and semiarid regions. 

The mean annual rainfall distribution cannot give a clear idea about the different mechanism of 

climate conditions. Isoheight maps are prepared on a seasonal basis since seasonal figures are more 

practical than annual ones. The seasonal isoheight maps can be interpreted as follows: 
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• During winter (December–February): precipitation amounts increase towards the south due to the 

topography (Figure 10). The highest precipitation (47 mm) is near the high mountains close to the 

Taif City over the Escarpment in the south and decreases gradually towards the north. Precipitation 

is usually associated with weak influxes of moist cold air of westerly Mediterranean origin, which 

is coupled with the local effects of the Red Sea and Escarpment with orographic rainfall 

occurrences. In addition, the Red Sea coastal area receives a significant amount of rainfall that 

decreases from south to north (from 24 to 10 mm). Areas within more than 20 mm, isoheight are 

relevant for groundwater recharge. The study area receives the highest amount of rainfall during the 

winter and the basins are subject to flooding. 

• During spring (March–May): Figure 11 shows a different rainfall pattern. The maximum rainfall (100 

mm) is in the high mountains near Taif city and decreases gradually from the west towards the east. 

The equal spacing of the isoheights indicates that the spatial variation in rainfall is less thanin the 

winter season. This is due to the Red Sea convergence zone and the Mediterranean depression, which 

distribute rainfall all over the region with good potential for groundwater recharge. 

• During summer (June–August): Figure 12 shows that, during the summer season, there is very 

little rainfall with the exception of the Taif scarp mountains where rainfall is about 30 mm due to 

monsoon conditions, which create thunderstorms along the escarpment and the southern part of 

the Red Sea coast. There is no significant impact of rainfall on the recharge mechanism. 

• During fall (September–November): the pattern of rainfall (Figure 13) is similar to that of winter, 

because the southeasterly air stream weakens as a result of increasing outbreaks of northwesterly 

air streams. The highest rainfall (50 mm) is in the scarp mountain areas of the Taif area and 

decreases gradually towards the north. The Red Sea coastal area receives (Figure 13) a good amount 

of rainfall decreasing from south to north (from 30 to 10 mm). Areas within more than 20 mm 

isoheight are relevant for less groundwater recharge due to the previous dry summer season. 

However, the area is also subject to flooding. 

 

Figure 9. Rainfall-elevation relation in the study area [12]. 
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Figure 10. Isohyetal map for winter rainfall [12]. 

Authors in [18] examined variation of precipitation with altitude. Topographic variation can be quite 

noticeable in some regions of SA (Figure 14). Figure 15 represents the upward trend of precipitation 

with elevation. Najran station altitude is 1213 m; however, low rainfall is observed (No. 28, Table 3). 

This may be due to the location of this site on the leeward side of a mountain (No. 28, Figure 14). 
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Figure 11. Isohyetal map for spring rainfall [12]. 

Other towering stations—for instance, Al-Baha, Taif, Abha and KhamisMushait—receive great 

quantities of precipitation (Nos. 20, 22, 26 and 27). Gizan altitude is only 4 m above mean sea level, but 

it receives a large quantity of precipitation. It is situated on the windward side of the southwest tip, 

through which precipitation systems shift to SA throughout both the wet and the dry seasons. 
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Figure 12. Isohyetal map for summer rainfall [12]. 

Al-Qaysumah (No. 7), Hafer-Albaten (No. 8) and Gassim (No. 10) also get great precipitation 

quantities because their positions, during those systems, move toward SA throughout the wet season.  

The precipitation rises with the rise in elevation in general [18]. This feature is differing to the 

precipitation change in elevation in Nepal [22]. Therefore, SA precipitation at the higher altitude is 

heavier than at the lower altitude, and this is reflected in the small quantities of precipitation in the 

eastern regions of the SA (Figure 6c). In addition, there was very little rain in the Rub Al-Khali. 
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Comparing Figure 6c with Figure 16, one can find a general decrease in rainfall over SA, especially in 

the southwest region. 

 

Figure 13. Isohyetal map for fall rainfall [12]. 

Authors in [37] studied the relationships between precipitation and height of the land in SA. In the 

period between 1971 and 2005 for 180 rain stations, the precipitation monthly data were modeled and 

the results were compared and critically evaluated. The global ordinary least square results could account 

for about 54% of the variation for springtime precipitation, but for the annual and other seasonal data set 
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only accounting for less than 11% of the variation the results were unsatisfactory. Conversely, the local 

geographically weighted regression could account much better for the annual and seasonal rainfall, 

which the spatial variation is 64% to 83%. In the southwest region along the escarpment ridge of the 

Asir Mountains, in the western region along the Hijaz Escarpment and through a moderate relationship 

along the Tuwayq Mountains, the positive association between altitude and precipitation was most 

marked. In northern, northeastern and central regions, the model was not such a good fit because much 

of the variance remained unexplained in those regions, and other variables would have to be introduced 

into the model to get better results. The stations at higher altitudes do not always receive more 

precipitation; some places with low altitude receive more precipitation such as the eastern and 

northeastern areas during the wintertime where the rainfall is primarily due to the influence of the 

passage of cyclones coming from the Mediterranean Sea. 

 

Figure 14. Rain-gauge locations over Saudi Arabia (asterisks marks). The number represents 

serial of observation site as per Table 3. Horizontal and vertical dashed lines make the NE, 

NW, SE and SW zones (counter-clockwise) used in the regional analysis [18]. 

Authors in [37] concluded that, in terms of spatial estimation and prediction, a global model such as 

global ordinary least square gave a less better account than using a non-stationary local model such as 

GWR. In addition, the results could have significant inferences for rainfall-runoff studies in the SA. 

Further research on this topic in Saudi Arabia should therefore focus on including more independent 

variables such as proximity to moisture source, air mass movements and wind direction, temperature, 

and pressure. 
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Figure 15. The variation of rainfall (mm) with altitude in Saudi Arabia. The rainfall values 

are averaged over 1998–2009 [18]. 

3.3. Precipitation Variations with Regions 

Rainfall variability in the different regions of the SA is studied by [18]. Thus, the four regions, named 

northeast, northwest, northeast and northwest, are defined in Figure 14. In the northeast areas, precipitation 

chiefly happens through the wintertime (December to February) and springtime (March to May), that 

results in great quantities of precipitation in the wet season, approximately 95% compared to only a few 

millimeters of precipitation in the dry season, approximately 2% (Figure 16a). In the northwest region 

(Figure 16b), the impact of the different seasons is similar to the northeast area; the dry and the wet seasons 

receive about 4% and 82% of the total quantity, respectively. In the southwest region, the precipitation 

features differ from the other regions; all seasons participate in the total quantity of this area's precipitation 

(Figure 16c). The Tropical Rainfall Measuring Mission (TRMM) overvalued the precipitation in each of 

the four seasons except winter compared with the observed 29 weather stations, which was affected by an 

underestimation for the wet season. Furthermore, in all seasons, the quantities computed by the TRMM 

follow the trends of the observed data. The northeast area received the greatest quantity of precipitation in 

the wet season (approximately 95%), and the southwest area received the greatest quantity in the 

springtime season (approximately 43%) in general. The TRMM observed data for the annual precipitation 

is as follows: 32.58 (33.39%) in the northeast, 21.95 (22.18%) in the northwest and 45.47 (44.43%) in the 

southwest areas. 

Rainfall analysis of the southwestern region of SA is investigated by [14]. They found that the whole 

area of the country can be classified as having a hot desert climate according to Köppen classification. 

The southwestern area is an exemption wherever a mild steppe climate prevails. In this area, precipitation 

is more frequent in wintertime and springtime than in summertime and autumn time. The influence of 

topography on precipitation and temperature is very diverse. Consequently, the southwestern region of 

SA is characterized by distinctive climatic and topographic features. It receives more precipitation than 

any other region. The distribution of the wintertime precipitation exhibits steadily decreases in the 

lowlands on the eastern and western sides. Meanwhile, maximum values in the northern region of the 
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flat terrain are found. In addition, coastal and low-altitude stations receive little amounts of precipitation. 

According to the altitude above mean sea level and the mean annual precipitation (Figure 17), one can 

classify the southwestern region of SA into five areas. In the study area, the normal and the gamma 

distributions are generally best described to the rainfal1 distributions. The inter-annual fluctuation 

illustrates that precipitation distribution above the southwestern area is not homogeneous [14]. Many factors 

influence precipitation irregularity, such as orientation, topographic pattern and elevation. Precipitation 

fluctuation in the study region is high [38]. Over sixty-three representative stations throughout the 

southwest region for a twenty-one year period that covering different micro-climate conditions, high 

fluctuations in regional precipitation evaluation happens in the mountainous regions, whereas the 

variance decreases in shadow regions in all seasons. The fluctuation of the precipitation evaluation 

accuracy decreases from wintertime to autumn time [15]. 

Table 3. The station names with latitude, longitude, altitude and annual rainfall. Serial 

number (No.) of stations is used [25]. 

No. Station Name Lat (°N) Lon (°E) Altitude (m) Annual Rainfall (mm) 

1 Turaif 31.68 38.73 852 84.17 

2 Guriat 31.40 37.28 504 46.66 

3 Arar 30.90 41.14 550 58.60 

4 Al-Jouf 29.78 40.10 670 54.63 

5 Rafha 29.62 43.49 445 85.07 

6 Tabuk 28.37 36.60 770 28.70 

7 Al-Qaysumah 28.33 46.12 360 125.53 

8 Hafer-Albaten 27.90 45.53 412 123.10 

9 Hail 27.44 41.69 1000 113.72 

10 Gassim 26.30 43.77 648 143.88 

11 Dammam 26.50 49.80 10 80.29 

12 Dhahran 26.26 50.16 22 90.23 

13 Wejh 26.20 36.47 20 24.96 

14 Al-Ahsa 25.30 49.49 180 84.78 

15 Riyadh New 24.92 46.72 612 110.59 

16 Riyadh Old 24.71 46.73 610 86.79 

17 Madina 24.54 39.70 630 63.63 

18 Yenbo 24.14 38.06 8 30.26 

19 Jeddah 21.71 39.18 18 52.06 

20 Taif 21.48 40.55 1455 172.17 

21 Makkah 21.43 39.79 273 110.63 

22 Al-Baha 20.29 41.64 1655 142.61 

23 Bisha 19.99 42.61 1167 88.68 

24 Wadi-Aldawasser 20.30 45.12 617 25.46 

25 Sulayel 20.28 45.37 616 Not used 

26 KhamisMushait 18.29 42.80 2047 190.55 

27 Abha 18.23 42.66 2100 229.14 

28 Najran 17.61 44.41 1213 60.43 

29 Sharurah 17.47 47.12 727 70.29 

30 Gizan 16.90 42.58 128.64 4 
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Figure 16. The comparison of the TRMM and the observed rainfall (mm) in the different 

seasons for (a) NE region, (b) NW region, and (c) SW region [18]. 
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Figure 17. The five climatic regions in the southwestern part of Saudi Arabia, classified 

according to height above mean sea level [14]. 

4. Rainfall Prediction over Saudi Arabia 

Authors in [39] used PRECIS Regional Model to predict the elements of climate such as temperature, 

and rainfall. Two runs of the PRECIS model were accomplished, the first one was for the period 1972–

2001 (Figure 18) and the second for the period 2070–2100 (Figure 19). From the results of the two runs, 

one can conclude that: generally, for the period 1972–2001, the spatial distribution of the annual total 

rainfall differs from that for the period 2070–2100 (Figure 19), particularly above the central and 

northeastern areas wherever lower values prevailed. On the other hand, no change in the distribution has 

been observed above the northwest province and the empty quarter (low values) and above the 

southwestern mountain range (high values). From Figure 19, one can depict the spatial pattern of the 

mean annual total rainfall changes after 100 years of the baseline period, three quarters of the SA (chiefly 

northern, eastern and central areas) will undergo extreme dryness. The rise in precipitation will be limited 

only to the southern (Sharourah), the southwestern (Jizan) provinces and to Asir mountains (Abha). A 

comparison between the above findings with the trends of the total annual rainfall distributions of the 
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baseline period (1978–2003) and the change occurred in the total annual rainfall after 50 years as 

obtained in the [40], a clear gradual expansion of the rain reduction areas toward the south is found. This 

reflects the continuous mode of this change leading eventually to the 2070–2100 distribution. 

The changes of relative rainfall on an average annual basis from 2070 to 2100 are shown in  

Figure 20. The precipitation will decrease from December to June in the entire SA. However, between 

July and November, a decrease in rainfall in the northern region and an increase in rainfall in the southern 

region of the SA is predicted. The central area close to the Arabian Gulf has the highest decrease in 

rainfall during the wintertime season from 30 to 12 mm, and in other areas of the SA, the decrease 

remains among10 and 3 mm. The area of highest decrease appears from the coastal zone in the northeast 

in that in the southwest. In the central area of the SA, the highest decrease in rainfall is ranging from 30 

to 20 mm from March to May, and somewhere else, the decrease in rainfall will be in the range of 12 to 

3 mm. In June, approximately no change of rainfall will happen from past to future stages in the whole 

SA. From July to October, an increase of 3 to 100 mm happens in the south; in July and August, the 

highest increase is in the southwest coastal zone near Jazan and Abha. In November, an increasing 

around 3 mm in the south, while in the northern part a decrease around 3 mm is found. The areas with 

high altitudes have a relatively high decrease of rainfall in wintertime seasons but a high increase in the 

summertime. The annual total rainfall decreases in most regions of the SA and only increases in the 

south. The highest increase, from 400 to 600 mm, shows in the southwest coastal zone near Jazan and 

Abha, whereas the highest decrease, from 100 to 120 mm, is shown in the part around Riyadh. These 

numbers appear to be unrealistic considering low rainfall in the whole SA. 

 

Figure 18. Annual Total Precipitation from the 1972–2001 run [39]. 
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Figure 19. The spatial distribution pattern of the mean annual total precipitation over the 

2070–2100 period [39]. 

 

Figure 20. Annual Total Precipitation Change from 2070 to 2100 (mm/yr) [39]. 

Examination of the spatial patterns of the seasonally averaged rainfall exhibits (as revealed in  

Figure 21 for wintertime, Figure 22 for springtime, Figure 23 for summertime and Figure 24 for autumn 

time) that the summertime precipitation will be the highest between other seasons over the southern, the 

southwestern provinces and Asir mountains, wherever the present rainfall regime is characterized by 
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two crests (one in summertime and another stronger in the springtime). This result has a significant 

synoptic implication, especially when compared to the springtime value, as rainfall there is a strong 

relationship with the average position and the north—south movement of the “Inter Tropical Conversion 

Zone”(ITCZ) above those areas. Compared to other seasons, wintertime rainfall will remain the lowest. 

 

Figure 21. The spatial distribution pattern of the mean total winter precipitation over the 

2070-2100 period [39]. 

 

Figure 22. The spatial distribution pattern of the mean totalspring precipitation over the 

2070–2100 period [39]. 
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Figure 23. The spatial distribution pattern of the mean totalsummer precipitation over the 

2070–2100 periodprecipitation [39]. 

 

Figure 24. The spatial distribution pattern of the mean total autumn precipitation over the 

2070–2100 period [39]. 

Authors in [41] used the regional climate model (RegCM3) for the simulation of intense rainfall 

events over the Arabian Peninsula. The RegCM3 results perform well in reproducing the mean seasonal 

and annual rainfall in addition to the contrast between dry and wet years in terms of the quantities and 
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the sites of the rain bands. RegCM3 model is comparatively well when ERA40 is used at the boundaries 

in the smaller domain, showing the importance of the strong impact of the boundary forcing needed to 

capture these intense rainfall events around the region (Jeddah city as an example). 

Authors in [42] used the PRECIS model to predict rainfall over SA for the future period from 2021 

to 2070 with respect to the base period ECHAM5 A1B data (1971–2000). The results of PRECIS are in 

good agreement with the IPCC precipitation projection for the Arabian Peninsula (IPCC, 2007). The 

results exhibit that the northern and central areas tend to be drier, but the southeastern parts are likely to 

be considerably wetter, which may lead to an increase in the number of extreme events. Moreover, 

PRECIS-ECHAM5 (for both 2021–2050 and 2041–2070) exhibits increases in precipitation for the Red 

Sea coast, where Jeddah is located, exposing this city also to an increase in the number of extreme events 

in the future. 

Authors in [43] evaluated the possible influence of climatic change on SA's water supplies and 

agriculture using climatic change scenarios from GCMs (General Circulation Models). The results 

indicate that an increase in temperature and a decrease in precipitation could have a major negative 

influence on water supplies and agriculture in SA. 

Decreases in rainfall are projected over SA, in common with the majority of the Middle East using 

A1B emissions scenario (Met Office [44]. Decreases of up to 20% or higher are projected in the 

northwest of the country, with strong agreement across CMIP3. Smaller decreases towards the south and 

east, while increases of up to 20% or more of the far southeast are projected. 

Authors in [45] divided SA into five geographical regions: northwestern, southwestern, western, central, 

and finally, eastern with central and used two techniques derived from the point cumulative semivariogram 

(PCSV). These methods are applied to data from 21 weather stations in the five regions for a 35-year period 

from 1970 to 2005. The absolute error between observed values and the predicted values does not exceed 13 

%, except in the central region, where the absolute error is 18 % using both methods. 

Authors in [35] studied the prediction of autumn rainfall over the western area and winter rainfall 

over the eastern area of the SA. They used the meteorological height (Z), temperature (T), sea surface 

temperature (SST) and southern oscillation index (SOI) as independent variables (predictors). The 

forecasting method of rainfall is based on deducing an empirical formula relating autumn rainfall with 

these meteorological variables of the preceding august. Rainfall can be predicted by the equation  

as follows:  

𝑅𝑎𝑖𝑛 = 2729.98 + 4.53 × 𝑍(7) − 103.48 × 𝑆𝑆𝑇(7) + 40.85 × 𝑆𝑂𝐼 − 20.10 × 𝑇(2)

− 20.26 × 𝑆𝑆𝑇(5) + 0.85 × 𝑍(9) 

where the numbers such as 2, 5, 7, and 9 in the above equation represent the number of steps that the 

predictor used in each step. Thus, the rainfall over the western area of SA is affected strongly by the 

position and strengthens of the Siberian and subtropical high pressure and also by the southern  

oscillation index. 

Authors in [46] used the wavelet technique to calculate the climate predictability indices of daily average 

time series of surface pressure, air temperature, and rainfall for four coastal regions (viz., Dhahran, Gizan, 

Jeddah, and Yanbu) spread over the east and west coasts of SA. The climate predictability indices of rainfall 

and wind speed time series were established to be independent of the pressure and temperature. The 
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predictability indices of individual factors were established to have persistence behavior for the whole dataset 

whereas anti-persistence for wintertime and summertime datasets. 

5. Circulation Systems Affect the Climate of Saudi Arabia 

Atmospheric circulation variability is the most vigorous factor determining variations in the spatial 

pattern of temperature, cloudiness, rainfall and other climatic elements. Natural climate fluctuation is itself 

completely substantial in the area. While ENSO, a central source of inter-annual climate change above a 

great deal of the globe, seems to have either a conflicting e.g., [47,48] or weak e.g., [48] impact on the 

climate of the area. The teleconnection of ENSO has in fact elongated its reach into the AP (e.g., [48]. On 

inter-annual and decadal time scales the NAO atmospheric circulation pattern comes, by contrast, to 

reveal a clear impact on the climate of the area [49]. The Indian Ocean monsoon is one of the Earth’s major 

weather systems. The western margin of monsoon circulation influences on the Southern Arabia climate, 

which controls the amount of precipitation and the wind field effective the terrestrial environments. Local 

and Regional climate in mid-latitude are effected by both surface features and large-scale atmospheric 

circulation (e.g.,[50]). As the spatial pattern of surface features is somewhat stable, it would be 

predictable that large-scale climate plays a significant role in producing variations in local climate. 

Studies of local climate variability are predominately associated with changes in the atmospheric 

circulation (e.g.,[51]). An index of large-scale circulation characteristics can be helpful in illustrating 

variations in climatic elements (e.g.,[52]). 

The weather in the AP (including SA) is dictated by the Hadley circulation with superimposed 

influences of global circulation patterns of the ENSO, designation of origin. NAO, IOO, and PDO type, 

and seasonally controlled by four air masses. Because these indices never take place in isolation, but are 

interwoven into a larger fabric of weather functioning of the planet, it is of some practical interest to 

assess what combinations of them lead to particular weather patterns [53]. 

Aridity in a mid-latitude or subtropical desert area—for example SA—is frequently linked to large 

scale subsidence affected by Hadley circulations and a position far away from an oceanic source of  

moisture [54]. Wintertime synoptic disturbances from the Mediterranean Sea carry moisture to the area, 

being close to the mid-latitude storm track. A local increase of such disturbances is a major reason for 

precipitation there in wintertime. On the other hand, the monsoon system in the neighboring Indian 

Ocean has a strong influence on the summer climate of this area, once most of it is ruled by a surface 

thermal depression that extends from the depression of Indian monsoon. 

Because of tropical and extra-tropical climatic episodes such as ENSO and the Indian Ocean dipole, 

inter-annual change of seasonal atmospheric moisture above SA is caused by change of global and 

regional circulation disturbances, [55]. Many authors [56–58] discussed the influence of ENSO on the 

Indian summertime monsoon. The influence ofENSO on the Indian Ocean region through changes in 

the Walker circulation is explained by [54]. During an El Niño episode the warming of the SST in the 

central and eastern Pacific reduced easterly trade winds and shifted the tropical convection eastward [54]. 

Any variation in the Walker circulation above the Indian Ocean can be predicted to impact the moisture 

supply to the monsoon system as well as to the coast of SA neighboring to the Somalian jet. 
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5.1. Influence of the ENSO on the Climate of Saudi Arabia 

In the Middle East region, including the SA natural climate variability is quite sizable. A central 

source of inter-annual climate variability over much of the globe is the ENSO events [e.g.,47,48,50].  

In recent decades [50,59–63] it has been indicated that the teleconnection of ENSO has indeed extended 

its reach into the Middle East region. They noted an increase in the impact of El Niño on rainfall patterns 

in the middleeast. 

Autumn (winter) in Southwest Asia (the traditional European names of the Middle East and the Near 

East) has precipitation above (below) normal during El Nino (La Nina) as observed by [64,65]. 

Anomalous onshore moisture flux from the Arabian Sea into Southwest Asia during El Nino (La Nina) 

periods is of above (below) normal precipitation in southwest Asia. In addition, in SWA, rainfall 

anomalies appear connected to moisture flux anomalies in the Indo-Pacific region and the anomalous 

circulation over south Asia. 

Authors in [63] explained the role of the Indian and Pacific oceans in the climate variability of the 

Middle East. He lamented that, due to huge amounts of heat inserted into the tropical Pacific atmosphere 

during periods of higher than normal SSTs, the wind circulation changes from surface to upper levels 

affecting the whole globe. El Niño conditions weaken the Indian monsoon and warm the Arabian Sea, 

thus weakening the pressure gradient and decreasing the wind speed and vice versa, bringing more 

rainfall in the region [63]. However, there is need to study more about the impacts of ENSO on 

precipitation in different parts of the region. 

Over a 40-year period from 1968 to 2007, different scales from seasonal to long term scales [66] 

investigated the connections between the weather of the Arabian Peninsula and the mid-latitude  

blocking anticyclone. The Arabian Peninsula surface weather throughout the months from October to 

December is influenced more by the happening of mid-latitude blocking anticyclones in the existence  

of all El Niño phase. 

The relationship between climatic indices such as NAO, SOI and El Nino 3.4 and the climatic elements 

over SA in summertime in the period from 1948 to 2012 is investigated [67]. During the period from 1979 

to 2011 (Figure 25), it is observed that the rainfall is associated with SOI (𝑟 =  −0.4) over SA. 

During the period from 1979 to 2011, the precipitation rate is correlated with ENSO (𝑟 =  0.3), as 

revealed in Figure 26. In addition, results of [68] illustrated that the weather in SA was controlled by 

two abnormal weather regimes throughout the period of persistence of blocking system over Europe in 

summer 2010. The first is the European blocking system and negative anomaly of the NAO. The second 

is the positive anomaly of SOI and negative anomaly of ENSO. 

The inter-annual change of moisture flux exhibits that it is strongly modified by a tropical climate 

phenomenon like positive IOD and warm ENSO episodes [48]. Throughout these climate episodes, the 

transport of moisture from the Red Sea to the mountainous area of Asir territory is increased, and, as a 

result, precipitation throughout November to April is enhanced. The influence on the moisture transport 

to the SA area of the Red Sea side (AB and EF, Figure 27) for both positive IOD and the warm ENSO 

events is stronger than other sides. The positive IOD and warm ENSO show the highest relationships 

with moisture flux from the Red Sea side. Numerical experiments by AGCM approve the results from 

NCEP-NCAR, [68]. In all GCM experiments, the vertically integrated moisture transport anomalies are 

noticeable throughout November, December and January. It is also obvious that throughout pure positive 
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IOD year, both the South Atlantic Ocean and the North Atlantic Ocean contribute moisture transport to 

SA, whereas, throughout an ENSO year, the South Atlantic is the main contributor. The inter-annual 

change of the winter rainfall is related primarily to the teleconnections originating from tropical climate 

phenomena similar to IOD or El Niño. The main finding of the [54] study is the significance of the impact 

of a concurrent positive IOD and a warm ENSO event of the inter-annual change of the incoming 

moisture flux over SA. This is important for the understanding of climate impacts in desert amelioration. 

 

Figure 25. The distribution of the linear correlation coefficient between surface CMAP 

precipitation (enhanced) over SA and SOI through the period from 1979 to 2011 in summer 

season [67]. 

 

Figure 26.The distribution of the linear correlation coefficient between surface CMAP 

precipitation (enhanced) over SA and ENSO through the period from 1979 to 2011 in 

summer season [67]. 
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Figure 27. Domains for moisture budget analysis [30]. 

5.2. Impact of the North Atlantic Oscillation (NAO) on Saudi ArabianClimate 

NAO is strongly impacted on regional and local scales. A simple NAO index defined as the difference 

between the normalized mean sea level pressure (SLP) anomalies during December-March at the positions 

representative of the relative strengths of the Subtropical High and Icelandic Cyclone. A lower than normal 

Icelandic Cyclone and higher than the normal Subtropical High result in an increased pressure gradient 

and a positive NAO index and vice versa is investigated. Throughout this positive NAO (negative NAO) 

phase, wintertime storms and surface winds moving from west to east across the North Atlantic are stronger 

(weaker) than normal [69]. Swings in the NAO produce alterations in wind speed and direction over the 

Atlantic ocean that significantly alters the transport of moisture and heat [70]. 

Inter-annual to decadal fluctuation in Middle Eastern temperature, precipitation and streams  

flow reflect the far-field affect the NAO, a central mode of Atlantic sector climate fluctuation [49].  

The fluctuations in the Middle East area and their association with large-scale distribution of climate 

fluctuation is investigated by [71]. He was able to document the importance of at least two different 

distributions of the climate of the Middle East. One of these distributions is connected to the NAO and 

dominated by inter-annual and decadal timescales. The other distribution is different from the NAO and 

more consistent with the atmospheric response to multi-decadal oceanic fluctuations [72–74].  

This suggests that patterns not easily resolved in the short instrumental record (in particular, patterns 

distinct from the NAO) may be of increasing relative importance of progressively longer timescales  

and are important to understanding climatic variations in the Middle East on multi-decadal and  

longer timescales. 

The relationship between the Northern Hemisphere annular modes (NAO or Arctic Oscillation, AO) 

and Eastern Mediterranean/Middle East climate variability in past centuriesis found [49,71,75–79]. 

Throughout the late Holocene and last interglacial period 2900 and approximately 122,000 years ago, 

respectively, the combined analysis of proxy records derived from fossil corals of the northernmost Red 

Sea and simulations with a coupled atmosphere-ocean circulation model (ECHO-G) revealed an 

AO/NAO affect the region’s inter-annual and mean climate [80]. This combined analysis of the proxy 
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record and instrumental climate data revealed that the region’s inter-annual to decadal climate variability 

is controlled by a high-pressure anomaly over the Mediterranean Sea that is linked to the AO/NAO, 

especially throughout the winter season. This high-pressure anomaly favors an anti-cyclonic flow of 

surface winds over the eastern Mediterranean, thereby controlling the advection of relatively cold air 

from southeastern Europe towards the northern Red Sea [77]. 

Authors in [67] study the association among the weather elements above SA and climatic indices 

such as NAO, SOI and El Nino3.4 in summertime seasons in the period (1948–2012). Precipitation is 

associated with the NAO with significant positive correlation coefficient (𝑟 =  0.4) during the period 

1979–2011 as revealed in Figure 28. 

 

Figure 28. The distribution of the linear correlation coefficient between surface CMAP 

precipitation (enhanced) over SA and NAO through the period from 1979 to 2011 in summer 

season [67]. 

5.3. The Role of Pressure System on Saudi Arabian Climate 

Changes in pressure system, low Pressure (Indian monsoon low, Sudan low) and high Pressure 

(Subtropical High and Siberian High Pressure) play an important role in AP Climate. Changes in local 

climate may be responding to variation/or changes in circulation index strength and may also be because 

of competing effects from other circulation kinds. Some of the change in the correlation between 

circulation and temperature may be because of different circulation kinds impact temperature. Whereas 

zonal circulation ordinarily has a dominant impact on temperature, there were epochs, for example the 

1920s, when meridional circulation appeared to have greater impact [81]. Authors in [82] investigated 

that the variations of the Azores High make changes of the NE trade winds on its southern edge and then 

impact the tropical North Atlantic SST anomalies. The atmospheric circulation cell variations cause 

anomalous ascending motion in the tropical North Atlantic. It decreases the sea level pressure and pushes 

the Azores High northward, then decreases the NE trade winds and latent heat flux. This enhances the 

tropical North Atlantic SST anomalies. Furthermore, [82] exhibited that the tropical Atlantic meridional 
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gradient mode is related to the fluctuations of the Northern Hemisphere Hadley circulation in the tropical 

North Atlantic and southern tropical Atlantic. 

Connected to the weakening of the westerlies and Trade wind systems, the Asian monsoon troughs 

deepened significantly, a situation suitable in general to the development of active monsoons. It is believed 

that the combination of these two features increased continental monsoons and implicit lowered vertical 

wind shear above the oceans would tend to increase the release of latent heat in the tropics, representing 

reinforced Walker and Hadley circulations, which may have been at least somewhat accountable for more 

aridity in subtropical land regions of both hemispheres throughout this period. 

The existence of the Azores High pressure participates in decreasing the precipitation quantities  

(on an annual basis) between 15° and 30°N. However, a moderately heavy precipitation (80–150 mm) 

area persists in the middle-to-north of SA, and heavier precipitation (>150 mm) is obvious in the part of 

Yemen that prolongs up to southwestern SA and into southern Oman [19]. 

Throughout wintertime, the North African high pressure moves westward and the Siberian High 

makes northeasterly winds through the AP, transporting mild temperatures. The circulation in the 

Arabian Sea and Indian Ocean is anticlockwise, pushing warm water up the Arabian Gulf, supplying 

extra moisture for the wintertime precipitation. Whereas infrequent frontal systems from Europe through 

the Mediterranean and enter the AP, most lose their moisture before incoming Kuwait. Throughout the 

summertime, the ITCZ migrates north into the Arabian Sea, the Asian high pressure weakens, and a 

strong depression develops above northern India. The circulation in the Arabian Sea and Indian Ocean 

becomes clockwise, pushing warm water to the west coast of India. The clockwise circulation of the 

Azores High above North Africa makes strong westerly winds above the Mediterranean and northwesterly 

winds above the AP. 

Throughout the past numerous years, the influence of monsoon condensational heating on the 

formation of the Azores High has been documented by many studies,e.g., [83–85]. The summertime 

subtropical circulation in the lower troposphere is featured by continental monsoon precipitations and 

anticyclones above the oceans. [84] described the duality among the low-level subtropical circulation 

monsoon and the condensational heating in the sense that either one would be very different without the 

other. The duration of the rainfall amount depends upon both locations of the ITCZ and the meridional 

SST gradient in the tropical Atlantic [66]. An obvious duality among the Azores High index and Indian 

monsoon low pressure index is found [85]. 

In the study of [35], the analysis of weather charts and observations during the winter season 

explained that there are some synoptic features that produce rainfall during their passage over our area, 

it can be summarized as follows: 

(1) Travelling Mediterranean depressions from west to east, in connection with upper troughs and 

active phases of the subtropical jet as well as the polar front jet producing rainfall during their passage. 

Their potential for producing rain decreases generally from north to south over SA except for 

mountainous areas where the uplift acts as an exterior factor. Therefore, the distribution of winter rainfall 

shows maximum values in the northern part of the main plateau and gradually decreases in the lowlands 

on the eastern and western parts. 

(2) The combination of the westerly frontal troughs bringing cold air from the northwest and warm, moist 

southerly air coming from Ethiopia and Sudan, and so a large amount of cloud develops along the area of 
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convergence. Depending on the intensity of the low level convergence, these clouds can occasionally give 

the continuous rain for more than 24 hours or heavy showers with associated thunderstorm. 

(3) The weather activity throughout the springtime (March–May) is strong over the eastern part of 

the Mediterranean, where the secondary of the main traveling depressions usually associated with 

sandstorms that reached and affected the SA area. Sometimes, these secondary Mediterranean 

depressions cause heavy rainfall in March when the cold air associated with these depressions meets the 

moist hot southerly air over our area. 

During the summer season, there are some synoptic features that produce rainfall, and they can be 

summarized as follows: 

(1) In some cases, the Inter-tropical Convergence Zone (ITCZ) moves northward to reaching 25°N 

associated with upper trough leads to extensive unstable medium level clouds and rainfall occasionally 

heavy over the south west of SA. 

(2) The mountain ranges concentrate over the southwestern area leads to developing the clouds and 

thunderstorm activities. It created lifting of the moist air and formed the clouds on the lee side and gave 

us rainfall. In general, enhanced vertical motions, resulting from the low level lifting of air by orographic 

barriers, which in turn excite gravity waves (mountain waves), often lead to the formation of clouds and 

precipitation. The two most important orographic forcing mechanisms are thermal and mechanical in 

nature. Thermal circulations result from differential heating and cooling, which varies with the diurnal 

insolation on the mountain, while mechanically forcing produces a wave disturbance when stably 

stratified air is forced to rise over a topographic barrier. The mountain wave structures depend upon the 

direction and the speed of the airflow, the mountain height and width dimensions, as well as on the 

effective heating/cooling changes that occur during the day. 

(3) The analysis of convective activity during June–August of the last few years and observing the 

frequency of occurrence of convective cloud at each day of July and August explained that the dominant 

pattern associated with the maximum convective activity is as follows:  

At surface deep thermal low over SA area, the subtropical high extended more to the east, Siberian 

highs oscillated to the south, low pressure south west of SA, and maximum solar heating. Whereas inthe 

upper air: the Subtropical high extends southeastward to reach SA, and there is the existence of low 

pressure southeast of SA, and low trough over the red sea. These conditions, besides the effect of the 

mountains and the sea breeze and land breeze circulation, affect rainfall in summer season. As the 

northerly wind meets the southerly wind, there is a strong convergence, which causes strong vertical 

motion, and the moist air is forced upward. This causes water vapor to condense, as the air rises and 

cools, resulting in occurrence of convective clouds and heavy rainfall. 

During the autumn months, the rainfall over SA is weak and occurs when the Sudan monsoon low 

coming from the southeast appears and affects the weather of the SA area. In addition, during this period, 

the SA area is affected by the early waves invading the Mediterranean. Sometimes these waves 

(depressions) cause rainfall when the cold air associated with these depressions meets the moist hot 

southerly air over our area. 

Authors in [86–88] observed that the climatological pressure systems that dominated in the SA area 

in winter are the Siberian high, the red sea trough, the subtropical high and the westerly trough. While 

the pressure systems that dominated in the SA area in summer are the Indian monsoon low, the thermal 
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low and the subtropical high. In the second transitional season (autumn), the pressure system that 

appeared and dominates are the Red sea trough, the Siberian high and the eastern trough. At upper air 

levels (500 hPa), the climatological pressure systems that dominate in the SA area during the continuous 

monthly period from May to October is the subtropical high. While in the other months, the zonal flow 

appeared and dominated. 

Authors in [88] used the NCEP/NCAR global data to illustrate the relationship between climatic 

elements and the main pressure systems that affect the weather and climate of SA and also to investigate 

the influence of these pressure systems on surface air temperature and rainfall over SA in the winter 

season. They found that there are two primary patterns of pressure, which influence the weather and 

climate of SA. The first occurs in the case of strengthening the Subtropical high, weakening of the 

Siberian High, deepening of the Icelandic Low or weakening of the Sudaness low. During this pattern, 

the Subtropical High is joined with the Siberian High and an obvious increase of sea level pressure 

occurs over the southern European, Mediterranean, North African, and Middle East regions. This belt of 

high pressure prevents the interaction between middle latitude and extra-tropical systems, which leads 

to decrease of surface air temperature, relative humidity and rainfall over SA. The second pattern occurs 

associated with weakening of the Subtropical high, building of the Siberian High, weakening of the 

Icelandic Low ordeepening of the Sudan Low. The pattern arising in this case leads to an interaction 

between two different air masses, the first one (cold and moist) associated with the Mediterranean 

travelling depression from west to east, while the second one (warm and moist) associated with the 

northward oscillation of the Sudan Low and its inverted V-shape trough. The interaction between these 

two air masses increases surface air temperature, relative humidityand the probability of rainfall over 

SA, especially over the northwest and northeast regions. 

The key-components of the climatology in the Indian Ocean and the enclosure regions is the movement 

of the ITCZ and development of the monsoon winds [88]. The movement of the ITCZ in the spring season 

is northward across the Indian Ocean and reaches its northernmost location throughout the boreal 

summertime (Figure 29a). During the boreal summer, enhanced low-level monsoonal airflow is produced 

by a strong pressure gradient among a high-pressure cell above the Southern Indian Ocean and the low-

pressure cell above the Tibetan Plateau (Figure 29a). North of the equator, the Somali Jet [89] transports 

big amounts of moisture that is then released as monsoon rainfall above some areas of southern Arabia and 

the Indian subcontinent. The latent heat release through condensation of moisture is significant and 

additional forcing of the Indian summer monsoon as it more reinforces and maintains the surface 

depression above the Asian landmass [58]. In autumn, the ITCZ then moves back southward and reaches 

its southernmost location at about 25 °S in January (Figure 29b). Throughout the wintertime, the reversed 

pressure gradient produces the moderate and dry northeast monsoon. 

Authors in [90] found that convective (subsidence) component of Madden-Julian Oscillation in East 

Indian Ocean leads to below (above) normal precipitation in Southwest Asia including SA. Additionally, 

upper-level Rossby-Kelvin response to Madden-Julian Oscillation extends over southwest Asia. It is 

only speculated about how Madden-Julian Oscillation affects low level circulation and moisture 

transports into southwest Asia including SA. 
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Figure 29. (a) Boreal summer (Indian Summer Monsoon season) and (b) boreal winter 

(northeast monsoon season). Bold dashed line marks the location of the ITCZ. Bold arrow marks 

the location of the Findlater Jet is also known as Somali Jet [85]. 

5.4. The Role of Jet Streams on Saudi Arabian Rainfall 

Authors in [91–94] investigated the interaction among the subtropical jet stream and polar front jet 

stream and its role in the surface cyclogenesis not only over the North African area, but also over other 

subtropical regions. More precisely, it was illustrated that the concurrence of the divergence area in the 

right side of the jet entrance of a Polar front jet stream with an area to the left of the subtropical jet stream 

exit participates to the formation of very strong synoptic scale ascending motions. The climate of AP is 

described by cold-season precipitation originating in the southward spread of the jet stream throughout 

wintertime, supplemented by a southward shift of surface depression tracks [95], which developed 

mostly throughout the cold season [96,97]. 

During the La Niña year, the Tropical Easterly jet stream was enhanced and in El Niño years was 

weakened accompanying with the wet and dry condition, respectively. Authors in [35,86] investigated 

the role of subtropical jet stream on temperature and precipitation over SA. They also show that the core 

of the subtropical jet is stronger throughout the wintertime than the other season and situated near 

27.5°N. However, it is weaker throughout the summertime and shifted northward to appear at 43°N. 

Northward oscillation of subtropical jet stream plays a big role in pulling hot and dry air masses of the 

AP including SA [98]. During the summer season, “Findlater jet”, after [89], a lower-tropospheric 

intense jet transport moisture over the western Indian Ocean occurs sheer off the coast of the AP. This 

alteration in the way of the low-level jet along East Africa and Somali decreases the moisture supply in 

the inner of SA and in its mountainous area of Asir Province. 
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6. Conclusions 

The quantity of rain received over a region is a significant factor in assessing the quantity of water 

available to meet the numerous requests of agriculture, manufacturing, and additional human activities. 

Across the SA, the seasonal precipitation distributions received from the TRMM data are mostly like 

those based on the measurement dataset. The study explains that spring is the highest (38.93%) and 

winter is the second highest (32.51%) as precipitation occurring seasons. These contribute significantly 

towards the large quantities of precipitation, which happen through the wet season (November to May, 

75.39%) over all the regions of SA. Only small quantities of rain are observed through the summer 

(11.46%), and (12.94) in the dry season (from Jun to September) while autumn received about 17.09% 

of the total annual precipitation. The SW region receives rain in all seasons, with a maximum in spring 

(44.29%), while the NW and NE regions receive very small quantities of precipitation in summer 

season(~2%). The SE region is almost totally dry. In general, precipitation increases with higher altitude, 

at a rateof ~1.93 mm/m in SA. 

The spatial distributions of the wet season (November to May) precipitation through the periods from 

1979 to 2009 and from 1998 to 2009 indicate that the region of lightest precipitation is situated over the 

Rub Al-Khali in the SA. The relatively heavy rain zone is inclined southwest to northeast areas of SA. 

On the contrary, the dry season (June through September) precipitation pattern for these two time periods 

indicates that the north of SA is almost rainless. During this season, very low precipitation totals were 

found in the north of SA, but the highest totals were found in the south. Irrespective of the season, 

significant quantities of rain persist in the southwestern region of SA. About 80% of the total 

precipitation over SA occurs during these months from November to May. The second period occurs 

during the summer season (June, July and August). 

The results concerned with the relationship between precipitation and altitude exhibited that higher 

altitudes do not always receive more precipitation; some locations, for example the eastern and 

northeastern areas with low altitude, receive more rainfall throughout the wintertime, where the 

precipitation is mainly due to the influence of the passage of cyclones coming from the Mediterranean Sea. 

In general, the maximum quantity of annual rainfall does not always occur at the highest elevation in three 

regions. Therefore, the elevation is not the only factor in rainfall distribution. Other geographic factors, 

like temperature, pressure, distance from the source moisture and topography are also important. The time 

factor (i.e.,seasonality) is found as one of the important factors. Hence, the rainfall distribution is not 

uniform in time or in space, and it should be treated and analyzed as spatiotemporal phenomena due to the 

spatial and temporal changes in precipitation, especially in arid and semiarid regions. 

The coefficient of variation (COV) varies from season to another. The summer rainfall COV values 

are greater than those corresponding to winter, spring, autumn and annual values. The winter rainfall 

COV value increases gradually from north to south of SA. During the spring season, higher variability 

is observed over the western area of SA. However, the lowest values of COV at the mountain stations 

are found. While during autumn, the highest values rainfall COV is observed over the eastern part of the 

middle region. 

For the period 1978–2009, a large inter-annual variability in the precipitation over the SA area is found 

from the surface measurement data. A linear decreasing trend of 6.2 mm per decade is investigated in the 

measured precipitation in SA throughout the period 1978–2009, whilst for the recent period (1994–2009),a 
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statistically significant decreasing trend of as much as 47.8 mm per decade is found. It is remarkable to 

note that precipitation increased in the Southern Peninsula and along the Red Sea coast, whilst it declined 

over most regions of SA throughout the period from 2000 to 2009 decade, compared to the period from 

1980 to 1989. 

Statistical and regional climate models are used to predict the rainfall over SA. The results of the two 

runs of the PRECIS Regional Model, one can conclude that: the spatial distribution of the annual total 

rainfall for the period 1972–2001 differs from that for the period 2070–2100, in particular above the 

central and northeastern areas where lower values prevailed. On the other hand, no change in the spatial 

pattern of the mean annual total rainfall above the northwest province and the empty quarter and above 

the southwestern mountain range are investigated. The projected rain exhibits that the central and 

northern areas tend to be drier; however, the southeastern area tends to be in surplus, which may lead to 

an increase in the number of extreme events. The summer season rainfall will be the highest between 

other seasons over the southern, the southwestern provinces and Asir mountains. When compared to the 

springtime value, this result has a significant synoptic implication, as rainfall there is a strong 

relationship with the average position and the oscillation of the ITCZ over those regions. Compared to 

other seasons, wintertime rainfall will remain the lowest. During the wintertime season, the central area 

close to the Arabian Gulf has the highest decrease in rainfall. In addition, the areas with high elevations 

have a relatively high decrease of rainfall in wintertime seasons. The simulated patterns of precipitations 

match well with the CRU and CMAP gridded datasets. The simulated rainfall exactly follows the  

inter-annual and annual cycle variability obtained from the observed data. Additionally, the results of 

RegCM3 perform well in reproducing the mean seasonal and annual rainfall in addition to the contrast 

between dry and wet years in terms of the quantities and the sites of the rain bands. Therefore, in climate 

change impact studies, the use of RegCM3 and calibrated PRECIS-generated scenarios for the period 

from 2021 to 2070 are found to be more suitable. The results of PRECIS are in good agreement with the 

IPCC rainfall projection for the SA. 

The possible influence of climatic change on SA's water supplies and agriculture using climatic 

change scenarios from GCMs is investigated. A major negative influence on water supplies and 

agriculture in SA is due to an increase in temperature and a decrease in precipitation over the region. 

Autumn rainfall over the western area and winter rainfall over the eastern area of the SA can be 

predicted using a stochastic model of ARIMA. The meteorological height, surface air temperature, sea 

surface temperature and southern oscillation index are used as independent variables (predictors). The 

rainfall over the western area of SA is affected strongly by the position and strengthens of the Siberian 

and subtropical high pressure and also by the southern oscillation index. 

During the data period 1979–2011, the relationship between precipitation over SA and Southern 

Oscillation index in summer seasons is negative and statistically significant. Moreover, the precipitation 

rate is correlated with ENSO with positive correlation coefficient throughout the period 1979–2011. 

Tropical climate phenomena such warm ENSO events and positive IOD strongly modified the inter-annual 

variation of moisture flux. During warm ENSO events and positive IOD, the conveyance of moisture 

from the Red Sea to the mountainous area of Asir Province is increased, and consequently, precipitation 

from November to April is enhanced. The influence of the moisture conveyed to the SA region of the 

Red Sea side for both warm ENSO events and the positive IOD is stronger than other sides. In all GCM 

sensitivity experiments and throughout November, December and January, the vertically integrated 



Climate 2015, 3 620 

 

 

moisture conveyance anomalies are notable. The fact that both the South Atlantic Ocean and the North 

Atlantic Ocean contribute moisture convey to SA is evident during pure positive IOD years, whereas, 

the South Atlantic is the main contributor throughout an ENSO year. The change of the wintertime 

precipitation is related mainly to the tropical climate phenomena similar to IOD or El Niño. During 

summer seasons, the relationship between the precipitation rate and NAO is positive and statistically 

significant throughout the period from 1979 to 2011. 

The influence of the main pressure systems (Subtropical High, Siberian High, Icelandic Low and 

Sudan Low pressure) on rainfall over SA has been studied in the winter season. The most significant 

finding is two patterns, the first pattern occurs associated with each one of the following cases:  

(a) building of Subtropical High;(b) weakening of Siberian High;(c) deepening of Icelandic Low or  

(d) building of Sudan Low. In this pattern, the Subtropical High is joined with the Siberian High and an 

obvious increase of sea level pressure occurs over southern Europe, the Mediterranean, North Africa, 

and the Middle East. This belt of high pressure prevents the interaction between middle latitude and 

extra-tropical cyclones, which lead to a decrease of rainfall over SA. The second pattern occurs 

associated with each one of the following: (a) weakening of the Subtropical high;(b) building of the 

Siberian High;(c) weakening of the Icelandic Low or d) weakening of the Sudan Low. In this case, the 

pattern arising from a pressure system leads to an interaction between two different air masses, the first 

one (cold, moist) accompanies the Mediterranean travels depression from west to east, while the second 

one (warm, moist) accompany to the northward oscillation of the Sudan Low and its inverted V-shape 

trough. The interaction between these two air masses (pressure systems) increases the probability of 

rainfall over SA, especially over the northwest and northeast regions. This pattern also leads to increased 

rainfall over SA. During the spring season, these secondary Mediterranean depressions sometimes cause 

heavy rainfall in March when the cold air associated with these depressions meets the moist hot southerly 

air over SA area. During the summer season, the synoptic situation at the surface is: deep thermal low over 

the SA area (Indian monsoon low), the subtropical high extended more to the east, low pressure south 

west of SA (Sudan low), while at upper air: the Subtropical high extends southeastward to reach SA, 

and the existence of a low pressure southeast of SA, and low trough over the Red sea are invaded. These 

conditions besides the effect of the mountains and the sea breeze and land breeze circulation affect 

rainfall in the summer season. During the autumn months, the rainfall over SA is weak and occurs when 

the Sudan monsoon low coming from the southeast appears and affects the weather of SA area. During 

this period, the SA area is also affected by the early waves invading the Mediterranean. Sometimes these 

waves (depressions) cause rainfall when the cold air associated with these depressions meets the moist 

hot southerly air over our area. 

The subtropical jet stream is stronger than the other seasons during the winter season where the core 

is located near 27.5°N, pulling cold and wet air masses to the SA region. While throughout the summer 

season, it is weaker and shifted northward to appear at 43°N in pulling hot and dry air masses of the SA 

region. In El Niño years, the Tropical Easterly jet stream was weakened while enhancing throughout La 

Niña years associated with the dry and wet conditions, respectively, in the area of SA. The alteration in 

the way of the low-level jet over the East Africa and Somali region decreases the moisture supply in the 

interior of SA and in the mountainous area of Asir Province. 
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