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Abstract—The climate around the world including Saudi Arabia has been fluctuating from
cold to warm during different periods. The climate of the earlier period of the 650 ka BP
was warmer than the present time in Saudi Arabia due to greenhouse gases in the
atmosphere. The current climate of Saudi Arabia is arid to semi-arid with different climate
classes. The seasonal surface air temperatures (SATs) are high in the central and northern
regions compared to the southern region. The summer of Saudi Arabia is the warmest
around the globe with the exception of the coastal region. Due to different air masses that
invade the regions of Saudi Arabia, there are different SATs in different seasons.
Depending upon seasonal and annual basis, the frequency of the extreme cold SAT is less
than the extreme warm SAT.

The circulation pattern of high and low pressures plays an important role in the
climatic SAT of Saudi Arabia. The coldest year is associated with the Siberian high-
pressure during winter and early spring, especially in the central and northern areas, while
the warmest year is related to the Indian monsoon low-pressure during summer and early
autumn especially on the northeastern parts, majority of the east coast, and central regions
of Saudi Arabia. On the other hand, the Icelandic low pressure extended to the southern
region causes cooling air over the area, especially, the northern part of Saudi Arabia, while
the Sudan low-pressure causes warming and moisture from the southern and southwestern
regions in the winter season. The synoptic situation in the spring season is almost similar
to the autumn season. During the spring and autumn seasons, the synoptic circulation over
Saudi Arabia is Siberian high-pressure from the east, subtropical high-pressure from the
west, Mediterranean depression from the north, and Sudan low and/or Asian monsoon low
from south.

Key-words: surface air temperature, Saudi Arabia, climate past and present, synoptic

circulation, Siberian high pressure, subtropical high pressure, Icelandic low, Sudan
monsoon low
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1. Introduction

Saudi Arabia is characterized by complex topographical features and occupies
nearly eighty percent of the Arabian Peninsula, which is approximately 2,250,000
km?. Saudi Arabia extends from 15.5°N to 32.5°N in latitude and from 32°E to
55°E in longitude (Fig. I). The country is distinguished by different climatic
regions because of high spatial and temporal SATs variability. Moreover, the
distribution of the observed SATs dataset is also distinguished by high inter-
annual variability (A/mazroui et al., 2009).
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Fig. 1. Location of Saudi Arabia

Surface air temperature over Saudi Arabia in the past

Between 870 Ma and at the end of the Precambrian time (roughly around
~542 Ma), the structure of the Arabian-Nubian Shield and the East African
Orogen developed (Stern et al., 2006; Kotwicki et al., 2007, Kotwicki and Al
Sulaimani, 2009), and the main structural and tectonic events shaped the area in
the late Cretaceous. The Arabian Peninsula, as the Arabian Plate, stayed in
continuous contact with Africa up to the formation of the Red Sea rift in the late
Tertiary era. More than 2 Ma ago, the great AI-Rub Al-Khali desert began to form,
with its climate oscillating from hyper-arid to temperate.
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From the time series of atmospheric trace gases and aerosols for the period
from about 650 ka BP to the present (Jansen et al., 2007), one can find that earlier
periods were warmer than the present. The world climate was cold and dry by
150,000 BCE and started to increase by 140,000 BCE (Edmiston, 2007). By
130,000 BCE, the climate was almost analogous to the current era of the world,
while it remained cold and dry during 120,000 BCE. At the end of the initial
cooling (110,000 BCE), temperature changed dramatically. However, the climate
remained stable for thousands of years. The climate became slightly warmer
around sixty thousand years ago followed by a long phase of climate oscillation.
Around thirty thousand years ago, the climate returned to cooling, which is termed
as late-glacial cold stage, and extended to the successive twenty-one thousand and
seventeen thousand years. At the beginning of the Holocene phase (9500 BCE),
the cold period ended abruptly, while warming continued to prevail gradually.
Similarly, there were cold and dry periods for the next thousand years, although
significant areas of the world were under high moisture and warmer conditions.
Therefore, the Arabian and Saharan deserts disappeared with most of their area
covering vegetation. During the Holocene Climate Optimum (HCO), which is the
period between nine thousand and five thousand BCE, the Sahara regions were
greatly influenced by increased rainfall. However, Eastern Sahara began to return
desert during 5300 BCE due to decrease in rainfall.

McClure (2007) established the presence of the human population in the
Empty Quarter with the existence of hand axes that have been found from more
than 100 ka on the fringes of the region. However, the origin of the human
population in the region has not been firmly established yet. Majewski et al.,
(2004) categorized six periods of significant rapid climate change, that is, 9,000—
8,000, 6,000-5,000, 4,200-3,800, 3,500-500, 1,200-1,000, and 600-150 BP.
Changes in atmospheric circulation, tropical aridity, and polar cooling are the
most frequent occurrences of climate change events in these global records, even
though polar cooling together with rise in the moisture in some areas of the tropics
happened in the most recent period from 600 to 150 BP. Numerous eras
correspond with the main disturbances of civilization, showing the significance
of Holocene climate changes on humans. Across the Pleistocene/Holocene
boundary, the Arabian Peninsula climate changed from temperate to arid.
Edmiston (2007) estimated that a 200-year cooling period during 8,000 BP had
reduced the amount of rainfall by 30 percent in the Arabian Peninsula.

Kotwicki and Al Sulaimani (2009) found four successive ice ages, alternating
with hot periods in the Pleistocene due to climate change. Throughout the greatest
recent glaciations, most of the earth’s water insulated in the ice sheets of North
America and Asia, and the sea level declined by approximately 125 m, uncovering
the bottom of the Arabian Gulf (mean depth about 35 m). The Tigris-Euphrates
glacial era stream extended from Shatt-al-Arab to the Strait of Hormuz into the
Arabian Sea.
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An overview: present climates of Saudi Arabia

In Saudi Arabia, the climate varies from place to place due to the changes in
dynamics of serious weather and climatic elements. Climatic elements are liable
for provincial dispersal because of the influences of radiation, atmospheric
circulation cells, different water and landmasses, latitude, winds, altitude, and air
masses. Climate controls in combinations and interactions modify the short-term
averages of temperature and precipitation giving special climate zones (Masatoshi
and Urushibara, 1981). The leading elements controlling SAT over Saudi Arabia
are latitude and height. SATs are highly seasonal dependent, with being relatively
cool in the period from December to February and warm in the period from June
to September. However, the annual variability in temperature is very low in
contrast to variability in annual rainfall amount.

Most of Saudi Arabia lies in the tropics (15.5°N - 32.5°N; 32°E - 55°E). It is
a huge area that lies between the vast continental landmasses of Africa and Asia.
The vast area of the country (80% of the Arabian Peninsula) and its complex
topography encompass significant climate variations in space and time. Saudi
Arabia is one of the warmest countries in the world except for its coastal regions
during the summer season. Saudi Arabia is among the few countries in the globe,
where SAT during the summer season exceeds 50 °C. According to Krishna
(2014), the SAT is in between 27 °C to 43 °C during the summer season over the
country except for the coastal regions, where it lies between 27 °C to 38 °C. SAT
over Saudi Arabia increases gradually from north to south (4lmazroui, 2019).
Moreover, highlands play an important role in the local climate in the country.

The Saudi Arabian climate is known for its deserts except for the
mountainous areas in the southwest. It is characterized by warming in the daytime
and sudden cooling in the nighttime. Warm SATs take place in the north of the
Tropic of Cancer as well as in the ultimate northern and interior regions of Saudi
Arabia. However, the mountains in the southwestern region experience temperate
temperatures. Away from the topographical effect, the climate of Saudi Arabia is
also influenced by the latitude, tropical winds, vicinity to the sea, elevations, etc.

The two of the most famous world climate classification have been drawn
by Koppen and Geiger (1928), Koppen (1936), and Troll and Paffen (1980). The
world map of the Képpen-Geiger climate classification has been updated by Peel
et al. (2007). However, the Arabian climates have been classified by both authors
on a broad scale without consideration of regional differences. One reason
associated with the broad-scale climate classification of the Arabian Peninsula is
the limited number of weather stations operated at that time. According to the
Koéppen and Geiger (1928) classification, the climate of the whole Arabian
Peninsula is ‘desert climate’ except for the mountainous regions in the southwest
of Saudi Arabia. Also, they classified the climate of Saudi Arabia as BWh climate;
a dry desert climate with an average SAT above 18°C, whereas Koppen (1936)
used different climate classes for the Arabian Peninsula. Walter and Lieth (1967),
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Muller (1982), and Moore (1986) provided brief and sound climatological
information on the Arabian Peninsula. They showed a wide spectrum of climatic
change in the Arabian Peninsula, from the ice in the Asir mountain to the great
humidity of the Arabian Gulf, and from the rising heat of AI-Rub Al Khali to the
monsoon rains in the Qari Province in Dhofar.

The climate of Saudi Arabia is described as semi-arid and arid with
spatiotemporal variations of temperature and rainfall noticed across the region
(Almazroui et al., 2012a, Almazroui, 2013). Almazroui et al. (2012a) and
Almazroui et al. (2012b) demonstrated that air temperature is low in the
northwestern and southwestern highlands regions of the country and high in the
central area towards the Arabian Gulf and western coastal areas along the Red
Sea. Additionally, the seasonal mean temperature variability is high in the
northern and central regions compared to the south of the country (4lmazroui et
al., 2012a). Except for the province of Asir on the western coast, Saudi Arabia
has a desert climate characterized by extreme heat during the day, an abrupt drop
in temperature at night, and very low annual rainfall. Because of the influence of
a subtropical high-pressure system, there is significant variation in temperature
and humidity in the country. The two major distinctions in the climate of Saudi
Arabia can be felt between the coastal part and the interior regions.

Almazroui et al. (2014) used the principal component and correlation
methods to regionalize the climate of Saudi Arabia into several homogenous
groups. They selected twenty-seven stations across the country for regionalization
of climate during a period of twenty-six years (1985 to 2010). They identified five
groups: group “A” for the northern region, group “B” for the Red Sea coast, group
“C” for the interior region, group “D” for the highlands, and group “E” for the
southern region. Moreover, the interannual variability and the degree of
seasonality are the same for each climatic group.

2. Air masses that affect the surface air temperature over Saudi Arabia

The movement and transformation of air masses, and interactions between air
masses along the fronts give the regional climate of Saudi Arabia. So, the climate
of the country can be clarified in terms of regional air masses. According to
Abdullah and Al-Mazroui (1998), four different types of air mass (Fig. 2)
influence the weather elements in Saudi Arabia. Fig. 2 reveals the source and
direction of these air masses.

1. The polar continental air mass affects the region during the winter season
from December to February, sometimes to mid-March. The domination of
the Siberian high in central Asia is responsible for this effect. Polar
continental air masses are cold (-35 °C to -20 °C), very stable with strong
temperature inversions, and dry. They extend through the Siberian high
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pressure and dominate the weather of the entire continent. Generally, polar
continental air masses generate cold air and clear sky weather.
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Fig. 2. Air masses influencing the weather elements in the Saudi Arabian.

. Occasionally, Saudi Arabia is influenced by polar maritime air masses

coming from the North Atlantic. It reaches the area because of mid-latitude
depressions that move from the west during the winter season. Polar
maritime air masses are cool (0 °C to 10 °C), basically conditionally stable,
and moist.

. The tropical continental air mass affects Saudi Arabia in the spring and early

summer seasons. This air mass allows the region to become a stable high-
pressure zone and a source of tropical continental air. This air mass is hot
and dry (>45 °C) and can create strong heating on the surface and dusty
weather system (Fisher and Membery, 1998). In general, in southwestern
Asia, summer is very hot, the temperature ranges from 30 °C to 42 °C. A
tropical continental air mass is conditionally stable, dusty, and holds
moisture. Tropical continental air mass flows north and northwest during the
summer season in western Asia. When the Indian monsoon system moves
toward the region of the Arabian Peninsula, certain activities occur in
summer, particularly in southwestern Saudi Arabia. On the other hand, its
influence is limited by the strong tropical continental air mass, which
prevails over Saudi Arabia at the time. Overall, the southwestern region has



a lower temperature because of elevation, whereas the other areas are
influenced by the tropical air mass during the spring, summer, and autumn
seasons (Tarawneh and Chowdhury, 2018).

4. The tropical maritime air mass invades from the north of the Indian Ocean
and the Arabian Sea in the summer season. It impacts principally the
southwestern region of Saudi Arabia and produces hot and humid air (Fisher
and Membery, 1998; Abdullah and Al-Mazroui, 1998). Initially, tropical
maritime air masses are hot, conditionally stable, and very moist.

3. Climatology of the surface air temperature in different seasons

The SAT over Saudi Arabia is influenced by many factors including mountain
barriers, altitude above sea level, ocean currents, solar radiation, and pressure
cells. A cooling trend from south to north in the region of Saudi Arabia is found
due to the impact of the cold continental air masses during the winter season. The
SAT is low (<15 °C) over the northern, moderate (15-20 °C) over the central and
western, and high (up to 20-25 °C) over the southeastern parts of Saudi Arabia
during the winter season. Therefore, the climate of the region during the winter
season has three different climate zones. Due to the impact of the cyclones in the
Mediterranean region, northern Saudi Arabia is cooler than the other regions
during the winter season, while southern Saudi Arabia is much warmer due to less
precipitation. Moreover, the SAT in the southwestern regions, which are
associated with the local topography, is lesser than those in the southeastern
regions of Saudi Arabia (Langodan et al., 2014; Viswanadhapalli et al., 2017,
Attada et al., 2019). In the winter season, the SAT rarely goes below 0 °C,
however, the virtual absence of moisture and the high wind-chill factor create a
somewhat cold atmosphere.

During spring, in general, the SAT increases over Saudi Arabia; however, it
increases faster in the northern region (between 20 and 25 °C), while the eastern
desert region is warmer with SAT between 25 and 27 °C (Khan and Alghafari
2018; Attada et al., 2019). The spring season is sometimes called the cool
moderate season of the post-winter and the summer season (Khan and Alghafari,
2018).

In the summer season, the SAT becomes intense quickly after sunrise up to
sunset, then suddenly becomes cool at night. In early summer (May and June), the
distribution of SAT is steadier across Saudi Arabia. It is observed above 35 °C in
the eastern region and around 25 °C in the southern part of Saudi Arabia, see
Attada et al. (2019). The average SAT in the summer season is around 45°C,
except for an unusual increase of around 54 °C especially over desert areas due to
strong descent motion (Babu 2016; Hasanean and Almazroui, 2017). According
to the study of Rodwell and Hoskins (1996, 2001), this descent motion is related
to the mechanism of the desert-monsoon over the region and stronger summer
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insolation. Additionally, EI Kenawy et al. (2014, 2016) exhibited heating during
the summer season with thermal lows.

In the autumn season, SATs over Saudi Arabia is between 20 to 25 °C.
Moreover, SAT remains below 25 °C in the western and northwestern regions of
Saudi Arabia, while the highest values of SATs are found in the eastern regions
of (Attada et al., 2019). In the spring and autumn, the SAT is moderate with mean
temperatures approximately 29 °C.

The Climate Research Unit (CRU) is a Global Climate Dataset, available
through the IPCC DDC, consists of a multi-variate 0.5° latitude by 0.5° longitude
resolution mean monthly climatology for global land areas, excluding Antarctica.
The CRU TS3.1 dataset derived from the gridded climate datasets, interpolated
using the original information from the stations since 1901. In the interpolation
records, the anomaly with respect to the average for the period 1961-1990 is
calculated. The anomaly is interpolated using thin-plate splines as a function of
latitude/longitude. The CRU dataset gridded values are obtained by applying a
smooth fitting (in 3D space) to the available surface station observations (New et
al., 2000).

Almazroui et al., (2012b) studied the spatial distribution of the mean average
temperature for the period 1979-2009 for the wet season (from November to
April) and dry season (from May to October) by using ground-based
meteorological data measured at the meteorological stations located in Saudi
Arabia and Climate Research Unit (CRU) data.

They found that the mean temperature is low (below 15 °C) in the northern
part of Saudi Arabia for the wet season. In addition, low temperatures in the
southwestern coastal region of Saudi Arabia are also found. However, the highest
temperature (> 24 °C) is found over the west coast region. On the other hand,
during the dry season, mean temperature over Saudi Arabia is high (A/mazroui et
al., 2012b). The highest temperature ranges from 33-36 °C from inland of the
Arabian Gulf to the center of the country. Low-temperature regions appear over
the northwestern and southwestern zones. However, the lowest temperature
(>24 °C) is observed over the southwestern regions of Saudi Arabia.

The distribution pattern of the wet season averaged maximum temperature
for the period 1979-2009 is similar to the mean temperature pattern (A/mazroui
et al., 2012b). The highest maximum temperature over Saudi Arabia is observed
along the Red Sea coast (> 30 °C). The mean maximum temperature over Al-Rub
Al-Khali is between 27 °C and 30 °C. However, during the dry season, the highest
maximum temperature (>42 °C) is found in the northeast region of the country.
In the dry season, the maximum heat (temperature <42 °C) is observed over
northern Saudi Arabia. The minimum heat (temperature >27 °C) is found over
southwestern Yemen. At most stations of Saudi Arabia, high temperatures are also
observed.
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Almazroui et al., (2012b) studied average minimum temperature of the wet
and dry seasons using the CRU and stations dataset for the study period (1979—
2009). The minimum temperature (>9 °C) is investigated over each of the
northwestern and southwestern areas of Saudi Arabia, Iran, Iraq, Jordan, and Egypt.
The minimum temperature over the west coast and Al-Rub Al-Khali of Saudi
Arabia is around 18 °C and 24 °C, respectively. The results arising from the spatial
distribution of the minimum temperature are supported by the results arising from
the CRU dataset (A/mazroui et al., 2012b). The highest value of the average
minimum temperature for the dry season (> 33 °C) is found in a narrow part of the
eastern part of Saudi Arabia, while the lowest value (<18 °C) is evident over the
southwestern part of Saudi Arabia extending to the western region of Yemen. For
the minimum temperature during the dry season, the lower temperature is
investigated over the northern parts of Saudi Arabia. The observed datasets confirm
the pattern distribution of the Climate Research Unit datasets. In comparison to the
wet season, the region of high temperature is transmitted to the north.

4. Annual surface air temperature climatology

Temperature is an important element for any vulnerability evaluation in a climate
change, and its analysis depends on the variations in its mean, maximum, and
minimum values. Saudi Arabia is a warm country with a mean annual temperature
of exceedingly more than 30 °C in some areas. Almazroui et al. (2012a) and
Attada et al. (2019), studied the climatological behavior of the mean, minimum,
and maximum annual temperatures over Saudi Arabia. They used the gridded
dataset from CRU and the observed datasets retrieved from various ground
stations in different parts of Saudi Arabia. From the gridded CRU dataset for the
period from 1979 to 2009, the highest mean annual temperature of the SAT is
noticed over the Al-Rub Al-Khali (around 27-30 °C), and southwest of Saudi
Arabia mainly along the Red Sea coast (4A/mazroui et al., 2012a). Moreover, the
mean annual SAT over most regions of Saudi Arabia is between 24-30 °C.
Whereas, in the northern part of Saudi Arabia, the mean annual SAT is lower than
21 °C. The study of Almazroui et al., (2012a) showed that the mean annual
temperature over most areas in Saudi Arabia is around 20 °C.

Almazroui et al., (2012a) used CRU gridded dataset as well as the ground-
based observational dataset to study the annual mean minimum temperature
pattern from the period 1979 to 2009 over Saudi Arabia. The low value of
temperature from 6 to 15 °C is observed over the northwestern and southwestern
regions of Saudi Arabia. However, a relatively higher temperature of 21-24 °C
over the southeastern regions, mainly over Al-Rub Al-Khali is observed. The
south-eastern regions are the highest temperature zones in the country. It is also
noted that the results of the ground-based observational data are like those of the
gridded CRU data.
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The annual mean maximum temperature pattern for Saudi Arabia averaged
over the period from 1979 to 2009 is studied by Almazroui et al. (2012a) using
both the CRU and ground-based observational datasets. The maximum value of
temperature peaks observed in the middle of the country is due to the influence of
the land-sea contrast. Moreover, the highest temperature (33-36 °C) over the
southwestern region of Saudi Arabia is also observed. On the other hand, a slightly
lower temperature is found along the Red Sea coast. A moderate temperature
between 27 °C and 33 °C is found in most of Saudi Arabia. Once again, the results
of the ground-based observational data are similar to those of the gridded CRU
data. Almazroui et al. (2012a) concluded that the gridded CRU datasets of the
annual mean, minimum, and maximum temperature over Saudi Arabia fairly
represent the climatological features of Saudi Arabia, which is similar to the
observed dataset.

5. Climate extremes of temperature over Saudi Arabia

Climatic extreme events may have main influences on the economy, ecosystems,
society, and human health. Climatic extreme events drive natural systems
compared to average climate (Parmesan et al., 2000). At the global scale, the
anthropogenic influences may have led to warming of extreme daily minimum
and maximum temperatures and contributed to the intensification of extreme
precipitation (Handmer et al., 2012). Moreover, Peterson et al. (2012) illustrated
how anthropogenic climatic change is changing the probability of occurrence of
extreme events. Extreme cold and hot temperature can have huge impact on
society. Seasonal changes in temperature both extreme cold and/or hot can have
serious negative impacts on farming, tourism, etc. Prominently, what is ‘normal
for one area may be extreme for another area that is less well adapted to such
temperatures.

Over the northwestern area of Saudi Arabia, the extreme temperature is in
overall agreement with the prognostic warming over the Mediterranean region
(UNFCCC, 2011). During the summer of 2010, extreme warming influenced the
Saudi Arabia region, with outstanding readings of 52.0 °C at Jeddah. In the second
report of the UNFCCC, one can conclude that the anomalies of the annual mean
temperature of the coolest year (1992) are found at all stations. All anomalies are
negative ranging from -1.8 ° to -0.6 °C, in which extreme cooling occurred over
the central and northern regions of Saudi Arabia in association with a deep
invasion of the Siberian high pressure in winter and early spring. On the other
hand, anomalies of the annual mean temperature of the warmest year (1999) are
found at all stations. All anomalies are positive ranging from 1.5 °C to 0.2 °C, in
which the extreme warming occurred over the central part and most of the eastern
coasts and northeastern regions of Saudi Arabia in association with an extension
of the Indian monsoon in the summer and early autumn.
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Extreme heat and cold waves arise from any changes/variations in climate
(Kotwicki and Al Sulaimani, 2009). Any variations and/or changes in climate
cause variations and/or changes in extreme weather events, such as heat and cold
waves (Kotwicki and Al Sulaimani, 2009; Almazroui et al., 2012b). For example,
the climatic extreme event in 2010 was considered as the warmest year of the
observational period over Saudi Arabia (4lmazroui et al., 2012a). On June 2010,
the temperature over Saudi Arabia was recorded at 52 °C. Based on the observed
daily temperature datasets from 19 stations for the thirty-year period from 1979
to 2008, Athar (2014) studied the extreme climate over Saudi Arabia using
climatic indices. According to his findings, the frequency of the extreme cold
temperatures is less than the frequency of the extremely warm temperatures on
seasonal and annual basis. In addition, the daily extreme temperature is warmer
during the summer season. Moreover, the southwest coastal region has displayed
more warming than the inland region. Also, during the thirty-year-long period,
the statistically significant increase of the daily regional temperature is 0.21 °C
per decade. Lastly, warming in general is noticed by him over Saudi Arabia,
especially in maximum temperatures. The results of Athar (2014) agreed with the
results of AlSarmi and Washington (2014), who studied the changes in
temperature extremes over the Arabian Peninsula based on daily data over 23
stations covering six countries (Saudi Arabia, Oman, Bahrain, Qatar, Kuwait, and
UAE) at different time periods. AlSarmi and Washington (2014) found a
significant increase in very warm nights during the period from 1986 to 2008.
Moreover, they noticed in general, that extreme temperatures over the northern
Arabian Peninsula in the daytime are high, while for the nighttime, extreme
temperatures are observed over the southern region, especially during the last
period of the study. From the spring to autumn, strong warming above 5 days per
decade is found (Islam et al., 2015). Almazroui (2020) studied the extremes in the
temperature over Saudi Arabia for the period 1978-2019 and found an increase
in the average temperature extremes over the second period (2000-2019) as
compared to the first period (1980-1999). The results show a considerable
increase in the number of warm days/nights in the second period compared to the
first period. The results also exhibit a considerable decrease in cold days/nights.
Moreover, in the summer season, an increase in warm days/nights is observed,
while in the winter season, a decrease in the number of cold days/nights is found.

6. Circulation weather types and their influence on the surface air temperature

6.1. Overview

The atmospheric circulation such as low and high pressure plays an important role
in determining weather and climate. Centers of high or low pressure over Asia
generally immigrate from east to west, and these centers change radically from
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wintertime to summertime. The various systems that control pressure over Saudi
Arabia during different seasons are the Siberian high over central Asia, the Indian
low and monsoon Asiatic (Hastenrath, 1985), and the Mediterranean secondary
low pressure (Kendrew, 2012). In wintertime, a thermal high pressure called
Siberian high pressure is developed over Mongolia, which controls the eastern
and southern climates of Asia. This thermal high pressure is shallow, cold, and
dry which extends to southwest Asia through southern and eastern regions of Asia.
The Siberian high pressure exists from November to March, and it reaches the
maximum value in February over Asia. February marks the peak of the Siberian
high's overriding of the winter circulation over Asia, while a similar pattern,
depicted on the January map, exists from November to March. February indicates
the maximum of the Siberian high's control of the circulation in the wintertime
over Asia, though the same distribution pattern has been observed in January, and
from November to March. This is related to the advection of dry, cool, and
subsiding polar continental air mass. Moreover, in April, the Siberian high
pressure weakens and shifts to central Asia, then it disperses in May, when intense
thermal low dominates over the tip of the Arabian Peninsula (Davydova et al.,
1966).

From March to May (spring season) and from September to November, the
Saudi Arabian (autumn season) tropical disturbances (may intensify into tropical
storms, but it is rare to grow into tropical cyclones) are invaded in the Arabian
Peninsula. Tropical cyclones occur in the period from October to December, but
their impact is limited to the southern part of the Arabian Peninsula (7aha et al.,
1981). Also, very dry and hot continental tropical air from the Sahara arrives in
the area during early autumn and late spring.

From June to August (summer season), the Asian monsoon (Indian
monsoon) low pressure dominates over the Arabian Peninsula (Hastenrath,
1985). Moreover, the Azore's high pressure (subtropical high pressure) affects the
western rim of the Arabian Peninsula. Very hot and dry air masses arrive
irregularly in the region from northern India after the tropical maritime air loses
its moisture. Moreover, the neighboring water surface of the Gulf Sea, the Gulf of
Oman, and the Arabian Sea contributed as the sources of moisture (7aha et al.,
1981). Additionally, in summer, the intertropical front forms from the meeting of
converging air masses over the Arabian Peninsula region. Moreover, the water
surface near the Arabian Sea and the Gulf of Oman works as a source of moisture
and heat (7Taha et al.,, 1981). The main characteristics to be considered in the
climate of Saudi Arabia are the topographic and the interior regions, especially in
the western region along the Red Sea (A/-Jerash 1985; Ahmed 1997; Subyani et
al., 2010; Almazroui et al., 2012a).
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6.2. Synoptic circulation in the winter season

In the winter season, the synoptic circulation systems that affect SAT of Saudi
Arabia are the Siberian high pressure extended from the east, subtropical high
pressure extended from the west, Sudan low pressure extended from the south,
and Mediterranean depressions and/or Icelandic low extended from the north
(Fig. 3). These synoptic circulation systems generate weather activity over the
Saudi Arabian region, which is summarized below.
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Fig. 3. The distribution pattern of sea level pressure (solid red curve), surface air
temperature (small dash curve), and vector wind in the winter season.

A) The Mediterranean depressions on the surface are in relationship with upper
troughs coming from the west to east, the active subtropical jet, and the
polar jet making precipitation during their transit over Saudi Arabia region.
Their potential of producing weather activity decreases generally from
north to south over the area except for the mountainous areas, where the
uplift acts as an exterior factor. Consequently, the distribution of winter
weather activity shows maximum movement in the northern part of the
main plateau with a gradual decrease in the lowlands in the eastern and
western sides. The trough emanates from the Icelandic low extends
southward influencing the weather in Saudi Arabia (Hasanean et al., 2015).
A positive relationship exists between the Icelandic low and SAT over the
northern parts of Saudi Arabia (Fig. 4, Hasanean et al., 2015; Attada et al.,
2019). Therefore, the SAT decreases (cooling) during the deepening of the
Icelandic low (Fig. 5a), while it increases (warming) during the weakening
of the Icelandic low (Fig. 5b).
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Fig. 4. Horizontal distribution of the correlation coefficient between the SAT and the
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(a) deepening and (b) weakening (Hasanean et al. 2015).
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B) The major pressure system influencing the climate of Saudi Arabia in winter
is the Siberian high pressure over Asia, that tends to merge with centers of
high pressure over the Arabian Peninsula (Saudi Arabian high) and Sahara
Desert (Saharan high). The Siberian high pressure in winter centered over
northern Mongolia extends southward to cover Saudi Arabia and the
Arabian Gulf carrying cold air to these regions. The Siberian high-pressure
influences the climate of mid-high latitudes (Guo, 1996; Zhu et al., 1997;
Gong and Wang 1999; Miyazaki et al., 1999; Yin, 1999; Hasanean et al.,
2013, 2015). A positive relationship between the Siberian high pressure and
SAT is found over the northern region of Saudi Arabia extending to the
central regions (Fig. 6, Hasanean et al., 2013, 2015; Attada et al., 2019).
Therefore, the SAT warms in the northern and central regions of Saudi
Arabia during the intensification of the Siberian high pressure in the winter
season.

Fig. 6. Horizontal distribution of the correlation coefficient between the SAT and the
Siberian high pressure (Hasanean et al., 2015).

Fig. 7a reveals the composite 10 years of sea level pressure difference
between the maximum and minimum of the Siberian high pressure. Cooling of
SAT over Saudi Arabia, Egypt, the northeast of the Mediterranean, and Sudan
(Fig. 7a) 1s found during the minimum of the Siberian high pressure. This cooling
of SAT i1s between 0.5 °C in the southern region of Saudi Arabia and 2.0 °C over
the northern region of Saudi Arabia and the Turkish area. This is because the
Siberian high dominates over the Saudi Arabia region providing very cold and dry
air during the deepening of the Siberian high pressure. Two sources of relatively
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warm moist air, one from southern Europe and the other from the southern and
southeast parts of Saudi Arabia are invaded during the years of weakening
Siberian high pressure (Fig. 7b). Fig. 7b shows the composites of 10 winters of
the sea level pressure when the Siberian high was strong. In this case, the Siberian
high is separated from the subtropical high pressure, and the pressure over Saudi
Arabia and the southern Mediterranean regions becomes weak. Therefore, the
distribution pattern of the sea level pressure, in this case, leads to interlinkage
among two different air masses, first with the cold moist air mass coming from
the Mediterranean depression, which is traveling from west to east, and second
with the warm moist air coming from the northward oscillation of the Sudan low.
The interlinkage between these pressure systems leads to an increase of the SAT
over Saudi Arabia, the east of Africa, southeast Europe, and the east
Mediterranean.
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Fig. 7. Composite sea level pressure pattern for the ten winters, when the Siberian high was
(a) weakening and (b) strongest (Hasanean et al. 2015).

C) The dominant subtropical high pressure (Azores High) is situated around
the latitudes of 30° N in the Northern Hemisphere and forms a broad
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continuous ridge in the mid-latitudes and the subtropical region. The
movement and oscillation of the surface subtropical high are associated with
the movement and oscillation of the Siberian high (Hasanean et al., 2015).
Barry and Chorley (1992) explained that the movement of the subtropical
high toward the equator through the winter is due to the increasing
temperature differences between the tropics and the poles. Saudi Arabia is
influenced by the extension of the subtropical high pressure. Hasanean et
al. (2015) investigated the relationship between the subtropical high and
SAT and found, that in the greatest parts of Saudi Arabia with the exception
of the southwest area, an inverse relationship between the subtropical high-
pressure and SAT exists (Fig. §8). Therefore, intensifying (weakness) in the
subtropical high-pressure leads to a decrease (increase) in the SAT. The
SAT over Saudi Arabia is warming during the weakness of the subtropical
high pressure, where the warm air mass comes from the southern parts of
Europe (relatively warm) and the southern/southeastern parts of Saudi
Arabia. During the subtropical high pressure intensity, SAT is cooling due
to very cold and dry air masses coming from Siberian high pressure
(Hasanean et al., 2015).
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Fig. 8. Horizontal distribution of the correlation coefficient between the SAT and the
subtropical high pressure (Hasanean et al., 2015).

D) Vorhees et al. (2006) and Hasanean et al. (2013) noticed that in winter, the
Saudi Arabian high pressure plays an important role in the climate of
southwest Asia. Fig. 9 reveals the typical circulation distribution patterns
over the Arabian Peninsula and northeast Africa in winter. The Saudi Arabian
high is on the northern, Mediterranean low pressure systems are on the
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northwest parts of the Arabian Peninsula. Moreover, when the Saudi Arabian
high pressure is prevailing, the air is more stable and relatively warmer within
the area. At the same time, the Siberian high pressure prevents the
Mediterranean depression, and consequently, the northwest wind (cold air)
comes into the area.
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Fig. 9. Long-term mean surface streamlines associated with the Saudi Arabian high (SAH)

and the North African high (Sahara high, SH; (Hasanean et al., 2015) ).

E) The Sudan low is a dynamic low pressure that carries humid and warm air
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to Saudi Arabia and the south of the Mediterranean Sea in the cold and rainy
seasons (Rasuly et al., 2012). The Red Sea trough (RST) is counted as an
expansion of the Sudan low (E/-Fandy, 1948). So, one can say that the
southward and/or northward oscillations of the Red Sea trough arises from
the southward and/or northward oscillations of the Sudan low. Usually, the
movements of the Sudan low can be classified into two different kinds of
oscillations. The first is the movement of its center from near to the
Abyssinian Plateau and its return, twice over the year. The second
comprises a series of quite small oscillations superimposed on the annual
track. These small oscillations are most evident in the two transitional
seasons (E! Fandy, 1940). A strong negative relationship between the Sudan
low and SAT over the northern and central areas of Saudi Arabia is found
(Fig. 10, Hasanean et al., 2015). Therefore, the SAT warms over all regions
of Saudi Arabia except for the southern region during deepening (decrease
in mean sea level) of the Sudan low, and the SAT colds during the
weakening of the Sudan low (increase in mean sea level).
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Fig. 10. Horizontal distribution of the correlation coefficient between the SAT and the
Sudan low pressure (Hasanean et al., 2015).

According to Hasanean et al. (2015), two main distribution patterns of
pressure affect the SAT of Saudi Arabia. The first pattern happens when the
subtropical high pressure is strengthening, Siberian high is weakening, Icelandic
low is deepening, and Sudan low is weakening. In this situation, the subtropical
high pressure merges with the Siberian high pressure to prevent the interaction
between the extratropical and midlatitude systems that leads to cooling SAT. The
second situation occurs when the subtropical high pressure is weakening, Siberian
high pressure is strengthening, Icelandic low is weakening, and Sudan low is
deepening. This pattern causes interaction between two different air masses, the
first 1s a cold moist air mass that is related to the traveling Mediterranean
depression from west to east and the second is a warm moist air mass related to
the northward oscillation of the Sudan low pressure and its inverted V-shape
trough.

There are exchanges between air masses arising from high and low pressure
systems that influence the SAT over Saudi Arabia. For an instant, there is an
exchange of air mass between the subtropical high pressure and Icelandic low to
build up the North Atlantic oscillation, which is linked to SAT variability (Rogers
and van Loon 1979; Rogers, 1984). When the North Atlantic oscillation index
becomes negative (subtropical high pressure and Icelandic low are weak), the
relatively warm moist air moves to lower latitudes. On the other hand, during
positive North Atlantic oscillation index, the stronger clockwise current around
the subtropical high center is remarkable, and the temperature over the Middle
East is cooling (Hurrell et al., 2003). In winter, the subtropical high-pressure
retreats southwestward, and the Red Sea trough oscillates northward over the
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eastern Mediterranean area (A/pert et al., 2004), and the Siberian high pressure
moves eastward to bring the mild temperature to the Arabian Peninsula. On the
other hand, during the weakening of the Siberian high pressure, few depressions
moves to the Mediterranean (Makrogiannis et al., 1991; Sahsamanoglou and
Makrogiannis 1992; Wilby 1993), which affects Saudi Arabia, especially its
northern region.

6.3. Synoptic circulation in the spring season

The weather of Saudi Arabia during the spring season is affected by the Sudan
monsoon low, which is entering from the southeast (Fig. 11). Attada et al., (2019)
investigated the surface air temperature variability over the Arabian Peninsula and
its links to circulation patterns. They found a negative (positive) relationship
between the SAT and the subtropical high pressure (Siberian high pressure) over
the Arabian Peninsula during the spring season (March, April, and May).
Therefore, the SAT warms during the strengthening of the subtropical high
pressure and the weakening of the Siberian high pressure. They suggested that the
variability of temperature in the spring season is related to the strongness/
weakness of the Siberian high pressure. Therefore, when the Siberian high
pressure is strong and extends to the Saudi Arabia region, the SAT becomes cold,
and vice versa, when the Siberian high pressure is weak. The Arabian Peninsula
is influenced by northeasterly winds blowing from the Indian region, proposing
that the spring temperature over the Arabian Peninsula is related to the
Mediterranean depression and Siberian high pressure (Attada et al., 2019).
Moreover, at this time, the SAT is influenced by the weak westerly windsof the
upper trough in the mid-troposphere because of the change taking place over Asia.
These changes take place in a relatively short time due to the thermal equator that
moves northward. In addition, in the spring season, strong contrast in temperature
between sea and land and between valleys and mountains occurs. There exists a
contrast in temperature, where cool moist air (polar maritime and polar
continental air) comes from the eastern Mediterranean, and warm air temperature
exists over the desert (tropical continental air). The inverse relationship between
sea level pressure and SAT over Saudi Arabia is found (Attada et al., 2019).
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Fig. 11. The distribution pattern of the sea level pressure (solid red curve), surface air
temperature (small dash curve), and wind vector in the spring season.

6.4. Synoptic circulation in the summer season

The distribution patterns of SAT become uniform over the Arabian Peninsula with
intense temperatures (above 36 °C) which are found in the eastern region, and
minimum temperatures (30 °C) over the northern part and the mountains of the
southern region of the Arabian Peninsula in the summer season (Fig. 12). These
results agree with the study of Attada et al. (2019). Izumo et al. (2008) and Yao
and Hoteit (2015) illustrating that the SATs over the mountain of the southern
region of the Arabian Peninsula decrease due to strong cross-equatorial flow along
the Somalian coast, which cools the sea surface temperature of the western
Arabian sea. The highest SATs in the summer season over the desert regions arise
from the descent motion, which causes adiabatic warming (Khan and Alghafari,
2018; Babu et al., 2018; Attada et al., 2019). Rodwell and Hoskins (1996) and
Rodwell and Hoskins (2001) found, that the descent motion is due to the monsoon-
desert mechanism and stronger summer solar isolation. E/ Kenawy et al. (2014)
and El Kenawy and McCabe (2016) illustrated, that the high temperature creates
a thermal low that increases the cyclonic activities over the Arabian Peninsula. A
strong and positive relationship is found between the SAT over the Arabian
Peninsula and the mean sea level pressure over the regions of the Indian
subcontinent and East Asia, but a negative relationship is found with the Saharan
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heat low and the equatorial Atlantic Ocean (Attada et al., 2019; Babu et al., 2018).
Also, Attada et al. (2019) found a cyclonic circulation over the Sahara in North
Africa and the western Mediterranean regions that intensifies the Saharan thermal
low and influences the SAT of the Arabian Peninsula. The convergence of air
arising from the easterly wind from the equatorial Indian ocean and the westerly
wind from Africa moves toward the Arabian Peninsula. The Indian summer
monsoon and the Sudan low are the major synoptic circulations that influence
Saudi Arabia from the south (4A/mazroui et al., 2012a).
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Fig. 12. The distribution pattern of the sea level pressure (solid red curve), surface air
temperature (small dash curve), and wind vector in the summer season.

The orography and the distances from main bodies of water in the western
parts of Saudi Arabia along the Red Sea coast have effects on the climatic
distribution pattern of temperatures (Al-Jerash, 1985; Ahmed, 1997; Subyani et
al., 2010; Attada et al., 2019). The main structures to be considered are the
difference between the shore and inner areas; and the difference between the two
shore zones and the windward and leeward sides of the mountains ranging from
the south to north. The thermal low of the Indian monsoon is centered over
northwestern India, Pakistan, and Baluchistan, which expands to the Arabian
Peninsula and creates a strong heat on the surface. Another thermal low develops
along the plain of southern Iraq that leads to the “shamal” winds (northwest and
hot dusty winds), which blow southeastward across Kuwait and down into the
Gulf (Aurelius, 2008). Above sea level from one to two kilometers of the Arabian
Sea, the wind direction is shifted from southwest to northwest with an increase in
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temperature with elevation (inversion), while northwesterly wind adverts tropical
continental air mass from the “empty quarter”. Upwelling is arising from the
southwesterly wind when blowing over cold coastal water. Therefore, the
outcome of the cold sea is to cool the maritime air mass of the lowest layers.

Usually, the shamal winds ease the SAT in summer. In some cases, the
shamal winds arising from a dry cold front in the Arabian Peninsula decrease the
maximum temperature by 5°C (Aurelius, 2008). In mid-July, the pressure
gradient becomes weak in the area leading to a period of light northwesterly
winds, and the shamal winds become weak. Usually, over Iraq, a thermal low
develops that leads to a weak pressure gradient over the eastern region of Saudi
Arabia and near Kuwait (Preusser et al., 2002). Fig. 12 illustrates the distribution
pattern of sea level pressure and the wind vector in the summer season. Southeast
Asia is dominated by the Indian monsoon. The Indian monsoon during a strong
period (mid-August) extends to the Mediterranean Sea that breaks the frontal
system from invading the area and pushing the subtropical high pressure east of
Saudi Arabia. Southern Arabia is affected by the western margin of monsoon
circulation, which controls the wind field and the amount of precipitation acting
in terrestrial environments (Preusser et al., 2002). At present, atmospheric
circulation in summer is dominated by a series of low pressure cells that are
located along the intertropical convergence zone (ITCZ) and across southern
Arabia.

6.5. Synoptic circulation in the autumn season

In Saudi Arabia, the SAT, in general, is between 20 °C to 25 °C. The highest
values of SAT are observed over the eastern and southeastern areas of Saudi
Arabia, while the SAT is below 25 °C in the western and northwestern areas
(Fig. 13). These results agree with the study of Attada et al. (2019). The mean
SAT is about 29 °C in the autumn season in Saudi Arabia. During the autumn
season, the weather of Saudi Arabia is influenced by the Sudan monsoon low,
such as in the spring season, which is entering from the southeast (Fig. 13). Also,
Saudi Arabia is influenced by the early Mediterranean depressions, which cause
activity in weather when the southerly hot air mass meets the cold air mass over
the northern region of Saudi Arabia. At the end of November, the troughs moving
to eastward in the upper troposphere and the yearly cycle renews (Ghazanfar and
Fisher, 1998). Strong negative correlations between the SAT and the mean sea
level pressure in autumn over the Sahara and North Africa are observed (4ttada
et al.,, 2019). Due to the intensification of the Sahara heat low and its movement

towards the south of the Arabian Peninsula, surface air temperature increases over
Saudi Arabia.
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Fig. 13. The distribution pattern of the sea level pressure (solid red curve), surface air
temperature (small dash curve), and wind vector in the autumn season.

7. Conclusions

The main findings of this review article can be summarized as follows:

For the past climate, from about 650 ka BP to the present, the SAT over Saudi
Arabia during the earlier period is higher than in the present period due to
atmospheric greenhouse gases (Jansen et al., 2007). The climate over the world
fluctuates/changes from cold to while it was warm from time to time. By the date
150,000 BCE, the climate was cold, warm in 140,000 BCE, similar to the present
climate in 130,000 BCE, cold in 120,000 BCE, the gradual warming continued in
9500 BCE, and the cold periods prevailed for the next thousand years (Edmiston,
2007). The climate in the six periods (9,000-8,000, 6,000-5,000, 4,200-3,800,
3,500-500, 1,200—1,000, and 600—150 BP) are featured by polar cooling, tropical
aridity, and main atmospheric circulation changes (Mayewski et al., 1981). During
the 8,000s BP, a 200-year-long cooling period occurred (Edmiston, 2007). Due to
climate change, during four successive ice ages, hot periods in the Pleistocene
were observed over Saudi Arabia (Kotwickiet al., 2007).

For the present situation, the climates over Saudi Arabia vary from place to
place due to the impact of climatic controls such as the difference between
landmass and water-body, air masses, mountains barriers, elevations above mean
sea level, atmospheric circulations, and ocean currents. Moreover, Saudi Arabia
has occupied a vast area (about 80% of the Arabian Peninsula); therefore, the
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temperature is different in space and time. The climate of Saudi Arabia is a desert
climate (warming in the daytime and sudden cooling in nighttime) with the
exception of the mountainous region in the southwest. Saudi Arabia is the
warmest region in the summer season (above 50 °C) around the globe except for
the coastal region. Over the north of the Tropics of Cancer and the inland of Saudi
Arabia, high temperatures are observed. On the other hand, moderate SATs are
found in the southwest highlands and northwest regions. The features of the
climate of the Saudi Arabia are arid to semi-arid (Kéoppen and Geiger, 1928;
Walter and Lieth, 1967; Troll and Paffen, 1980; Muller, 1982; Moore, 1986;
Almazroui et al., 2012a, 2012b). In addition, the seasonal temperatures are high
in the central and northern regions compared to the southern region. Moreover,
the diurnal temperature is characterized as high during the day and has an abrupt
drop at night.

Four different types of air masses affect the climate elements of Saudi
Arabia, as follows.

During wintertime, the polar continental air mass affects Saudi Arabia that
comes from the Siberian high, which is dominant in central Asia and extends to
the Arabian Peninsula. In addition, during winter, polar maritime air masses
coming from the mid-latitude depression from the west influence the climate of
Saudi Arabia. In spring and early summer, the tropical continental air mass
influences the climate of Saudi Arabia. Also, during summer and autumn, the
tropical continental air mass prevails over Saudi Arabia through the Indian
monsoon. Moreover, during summer, the tropical maritime air mass comes from
the north of the Indian Ocean and the Arabian Sea, which affects mainly the
southwestern region of Saudi Arabia bringing hot and humid air.

SATs over Saudi Arabia are different from season to season due to different
air masses that invade the region. During the winter season, SAT over the
southeastern region is high, and it is higher than in the southwestern region due to
the local topographical effect, it is moderate over western and central regions, and
low over the northern region due to Mediterranean depression. During spring in
the northern region, the SAT increases faster than over other regions of Saudi
Arabia except for the eastern region. During the summer season, the eastern
region of Saudi Arabia is warmer than the southern region. Unusually high SAT
over desert areas exists due to the strong descent motion. The SAT in the summer
season is the warmest due to the dominant Indian monsoon low over Saudi Arabia.
The SAT during the autumn season is moderate (around 29 °C) over Saudi Arabia,
while in the western and northwestern regions are lower than the eastern region
of Saudi Arabia.

Mean annual SATs over Saudi Arabia are between 24 °C—-30 °C. The highest
mean annual values of the SAT are observed over the Al-Rub Al-Khali and
southwest mainly along the Red Sea coast. Whereas, the lowest SATs (around
21 °C) are observed in the northern area. Low annual mean minimum of SAT
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(6 °C—15 °C) 1s found over the northwestern and southwestern areas of Saudi
Arabia. The SATs in the southeastern region (mainly over Al-Rub Al-Khali) are
relatively high. The annual mean maximum SATs (between 27 °C and 33 °C) are
found over the most regions of Saudi Arabia. The highest mean maximum SAT
(33-36 °C) is observed over the central parts of the country and in the southwest
region, while a slightly lower mean maximum SAT is found along the Red Sea
coast.

Over Saudi Arabia, the warmest year is 1999 and the coldest year is 1992,
according to the second report of the UNFCCC. The summer 2010 is the warmest
season with an outstanding temperature (52.0 °C) observed in the city of Jeddah.
During the coldest year, in winter and early spring, central and northern regions
of Saudi Arabia have extreme cooling that associates with the invasion of the
Siberian high, while during the warmest year, in summer and early autumn, the
central and most of the eastern coasts and northeastern regions of Saudi Arabia
have extreme warming, that associates with an extension of the Indian monsoon.
Based on daily observations, the extreme SAT is warmer during the summer
season (Athar, 2014; AlSarmi and Washington, 2014). AlSarmi and Washington
(2014) noticed, that the northern region of the Arabian Peninsula has high SAT in
the daytime, while the southern region has high SAT in the nighttime. In addition,
the frequency of the extreme warm SAT is greater than the extreme cold SAT
based on seasonal and annual observations. Moreover, the southwest coastal area
has shown more warming than the inland area. Over most stations of Saudi
Arabia, strong warming above 5 days/decade is found during the spring to autumn
seasons (Islam et al., 2015). In addition, it is observed during these seasons, that
the number of warm daytimes increases rapidly compared to the number of warm
nighttimes during spring, summer, and autumn seasons over most stations of
Saudi Arabia.

The atmospheric circulations (low and high pressure) play a vital role with
regard to weather and climate. In general, it can be concluded that the Siberian
high pressure is controlling the SAT of Saudi Arabia in the winter season, and the
Indian monsoon low is controlling the SAT in the summer season (Davydova et
al., 1966; Vorhees 2006; Hasanean et al., 2015; Babu et al., 2018). In addition,
the synoptic circulation patterns in spring and autumn are complicated, when
centers of high and low dominate the regions of Saudi Arabia. During the spring
and autumn seasons, the extended Mediterranean low pressure influences the
northern region and the Sudan monsoon low/ Red Sea trough influence the
southern region of Saudi Arabia, while subtropical high pressure impacts the
western region, and the Siberian high pressure impacts the eastern region of Saudi
Arabia.

During the spring season (March, April, and May),the subtropical high
pressure from the west and the Siberian high pressure from the east effect the SAT
of Saudi Arabia. The subtropical high pressure and the Siberian high pressure
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affect each other. When Siberian high pressure is strong and extends to the Saudi
Arabian region, the subtropical high pressure is weak and the SAT is cold and
vice versa; when the Siberian high pressure is weak, the subtropical high pressure
is strong, and the SAT is warm. The SAT of Saudi Arabia is influenced by the
Mediterranean depression from the north and may extend to the central region,
which brings cold air, and the Sudan monsoon low from the south may extend to
the north that brings warm and moist air (Attada et al., 2019). The circulation
pattern in the autumn season is similar to the circulation pattern in the spring
season.

The main features to be considered in the synoptic circulation patterns of
Saudi Arabia in the different seasons are as follows.

During the winter season, the synoptic circulation features that influenced
the SAT of Saudi Arabia are: the trough emanating from the Icelandic low (cold
moist air mass), which extends southward influencing the weather in Saudi Arabia
(Hasanean et al., 2015; Attada et al., 2019). The SAT decreases (cooling) during
the deepening of the Icelandic low, while it increases (warming) during the
weakening of the Icelandic low. In addition, the Siberian high pressure is
dominant over Asia (cold air mass), and it tends to merge with high pressure
centers over the Arabian Peninsula (Saudi Arabian or Saharan high pressure)
(Guo, 1996; Gong and Wang, 1999; Miyazaki et al., 1999; Yin, 1999; Hasanean
et al., 2013, 2015). The SAT warms in the northern and central regions of Saudi
Arabia during the intensification of the Siberian high pressure in the winter season
(Hasanean et al., 2013, 2015; Attada et al., 2019).

In the winter season, the SAT is cooling when the Siberian high pressure is
deepening and dominating over Saudi Arabia that prevents the Mediterranean
depression, while the SAT is relatively warm when the Siberian high pressure 1s
weakening, where the relatively warm moist air is blowing from southern Europe
and from the southern and southeastern parts of Saudi Arabia. The SAT of Saudi
Arabia is influenced by the extension of the subtropical high pressure, which is
related to the movement of the Siberian high pressure to the east and/or to the
west (Barry, 1992; Hasanean et al., 2015). The SAT is relatively warming when
the subtropical highpressure is weakening, and the SAT is cooling when the
subtropical high-pressure is deepening. The Saudi Arabian high pressure, as a
relatively small feature, plays an important role in the SAT in the winter season
(Vorhees, 2006; Hasanean et al., 2013). When the Saudi Arabian high pressure
dominates over the region, the air is more stable, and the SAT is relatively warm
across the region. Moreover, the Sudan low and the Red Sea trough are
influencing the SAT of Saudi Arabia in the winter season (Rasuly et al., 2012),
carrying humid air to the region. When the Sudan low is weakening, the SAT is
cooling, and when Sudan low is deepening, the SAT is relatively warming
(Hasanean et al., 2015; El-Fandy, 1940, 1948; Hasanean et al., 2013). Two
circulation patterns dominate the SAT of Saudi Arabia in the winter season, the
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first pattern is when the subtropical high pressure merges with the Siberian high
pressure to prevent the interaction between extratropical and mid-latitude systems
that leads to cooling of the SAT (Hasanean et al., 2015). The second pattern is
when the subtropical high pressure is weakening, the Siberian high pressure is
strengthening, Icelandic low is weakening, and Sudan low is deepening
(Hasanean et al., 2015) that allow two different air masses to invade Saudi Arabia
(cold moist air mass from the Mediterranean depression from west, and warm
moist air mass from the Sudan low pressure from south), (Hasanean et al., 2015).

During the spring season, when the Siberian high pressure is deepening, the
SAT i1s coolingm while when the subtropical is deepening, the Siberian high
pressure is weakening and the SAT is warming (Attada et al., 2019). In addition,
the Mediterranean depression can influence the SAT when extending to the
northern region of Saudi Arabia and cooling the region. From the southern region,
the Sudan low is extending to the northern region and/or Asian monsoon low is
extending from the east thereby warming Saudi Arabia.

During the summer season, the Indian summer monsoon and the Sudan low
are the major synoptic circulations influencing the SAT of Saudi Arabia
(Almazroui et al., 2012a; Babu et al., 2018; Attada et al., 2019). Another thermal
low develops along the plain of southern Iraq leading to the “shamal” winds over
the eastern parts of Saudi Arabia (Aurelius, 2008). The Indian monsoon may
extend to the Mediterranean Sea, which cuts the frontal system and pushes the
subtropical high pressure to the east of Saudi Arabia. When the subtropical high
pressure is strengthening and extending eastward, it influences the SAT in the
western region of Saudi Arabia relatively cooling the region. In addition, when
the Saharan thermal low is deepening over North Africa, it influences the SAT of
Saudi Arabia.

During the autumn season, the Sudan monsoon low coming from the
southeast influences the SAT of Saudi Arabia, thereby warming the region. In
addition, the early autumn Mediterranean cyclone is cooling SAT in the northern
region of Saudi Arabia. The SAT of the northern region of Saudi Arabia may be
influenced by the subtropical high pressure thereby cooling the region.
Acknowledgments: The authors are thankful to the Faculty of Meteorology, Environmental and Arid
Land Agriculture, King Abdulaziz University for making available the computer and other facilities in

this work. Also, the authors are thankful to the colleagues of the Department of Meteorology for their
suggestions and advices. We thank the reviewers for their comments on earlier versions of this article.

References

Abdullah, M.A., and Al-Mazroui, M.A., 1998: Climatological study of the southwestern region of Saudi
Arabia. . Rainfall Analysis. Clim. Res. 9, 213-223. https://doi.org/10.3354/cr009213

Ahmed, B.Y.M., 1997: Climatic classification of Saudi Arabia: An application of factor - cluster analysis.
GeoJournal 41, 69-84. https://doi.org/10.1023/A:1006827322880

538



Al-Jerash, M.A., 1985: Climatic subdivisions in Saudi Arabia: an application of principal component
analysis. J. Climatol. 5, 307-323. https://doi.org/10.1002/joc.3370050307

Almazroui, M., 2019: Temperature changes over the CORDEXMENA domain in the 21st century using
CMIPS5 data downscaled with RegCM4: a focus on the Arabian peninsula. Adv. Meteorol. 2019,
Article ID 5395676. https://doi.org/10.1155/2019/5395676

Almazroui, M., Dambul R., Islam, N., and Jomnes, P.D., 2014: Principal components-based
regionalization of the Saudi Arabian climate. /nt. J. Climatol. 35, 2555-2573.
https://doi.org/10.1002/joc.4139

Almazroui, M.A., 2013: Simulation of present and future climate of Saudi Arabia using a regional
climate model (PRECIS). Int. J. Climatol. 33, 2247-2259. https://doi.org/10.1002/joc.3721

Almazroui, M.A., 2020: Changes in Temperature Trends and Extremes over Saudi Arabia for the Period
1978-2019. Adv. Meteorol. 2020, Article ID 8828421. https://doi.org/10.1155/2020/8828421

Almazroui, M.A., Al Khalaf, A.K., Abdel Basset, HM., and Hasanean, H.M., 2009: Detecting Climate
Change Signals in Saudi Arabia Using Surface Temperature. Project Number (305/428) is
supported from King Abdelaziz University, Kingdom of Saudi Arabia.

Almazroui, M A., Islam N.,; Athar H., Jones P.D., and Rahmana M.A., 2012b. Recent climate change in
the Arabian Peninsula: Seasonal rainfall and temperature climatology of Saudi Arabia for 1979—
2009. Atmos. Res. 111, 29-45. https://doi.org/10.1016/j.atmosres.2012.02.013

Almazroui., Islam N., Athar H., Jones P.D., and Rahmana M.A., 2012a: Recent climate change in the
Arabian Peninsula: annual rainfall and temperature analysis of Saudi Arabia for 1978-2009. Int.
J. Climatol. 32, 953-966. https://doi.org/10.1002/joc.3446

Alpert, P., Osetinsky, 1., Ziv, B., and Shafir, H., 2004: Semi-objective classification for daily synoptic
systems: application to the eastern Mediterranean climate change. Int. J. Climatol. 24, 1001-1011.
https://doi.org/10.1002/joc.1036

AlSarmi, S.H., and Washington, R., 2014: Changes in climate extremes in the Arabian Peninsula:
analysis of daily data. Int. J. Climatol. 34, 1329—1345. https://doi.org/10.1002/joc.3772

Athar, H., 2014: Trends in observed extreme climate indices in Saudi Arabia during 1979-2008. Int J
Climatol. 34, 1561-1574. https://doi.org/10.1002/joc.3783

Attada, R., Dasari, H.P., Chowdary, J.S., Yadav, R.K., and Knio, O. et al.,, 2019: Surface air temperature
variability over the Arabian Peninsula and its links to circulation patterns. Int. J. Climatol. 39,
445-464. https://doi.org/10.1002/joc.5821

Aurelius, L., 2008: The impact of Shamal winds on tall building design in the Gulf. Dubai Building,
Government of Dubai.

Babu, C.A., Jayakrishnan, P.R., and Varikoden, H., 2016: Characteristics of precipitation pattern in the
Arabian Peninsula and its variability associated with ENSO. Arabian J. Geosci. 9, 186.
https://doi.org/10.1007/s12517-015-2265-x

Barry, R.G. and Chorley, R.J., 2006: Atmosphere, weather &climate, 6th edn. London: Routledge, 392.

Davydova, M., Kamenskii, A., Nekiukova, N., and Tushinskii, G., 1966: Fizicheskaia Geografiia SSSR.
Moskva: Prosveshchenie. Encyclopedia of Earth Sciences Series, Encyclopedia of World
Climatology, 57-82, 439-704.

Edmiston, R., 2007. Hot time on the old globe tonight. available at: www.dcr.net/,-
stickmak/JOHT/joht32hottime.htm (accessed November 30, 2018).

539



El Kenawy, A.M. and McCabe, M.F., 2016: A multi-decadal assessment of the performance of gauge-
and model-based rainfall products over Saudi Arabia: climatology, anomalies and trends. /nt. J.
Climatol. 36, 656—674. https://doi.org/10.1002/joc.4374

El Kenawy, A.M., McCabe, M.F., Stenchikov, G., and Raj, J., 2014: Multi-decadal classification of
synoptic weather types, observed trends and links to rainfall characteristics over Saudi Arabia.
Frontiers Environ. Sci. Engineer. 2, 37. https://doi.org/10.3389/fenvs.2014.00037

El Kenawy, A.M., McCabe, M.F., Vicente-Serrano, S.M., Robaa, S.M., and Lopez-Moreno, J.1., 2016:
Recent changes in continentality and aridity conditions over the Middle East and North Africa
region, and their association with circulation patterns. Climat. Res. 69, 25-43.
https://doi.org/10.3354/cr01389

El-Fandy, M.G., 1940: The formation of depressions of khamasin type. Quart. J. Royal Meteorol. Soc.
66, 323-335. https://doi.org/10.1002/qj.49706628607

El-Fandy, MG., 1948: The effect of the Sudan monsoon low on the development of thundery conditions
in Egypt, Palestine and Syria. Quart. J. Royal Meteorol. Soc. 74, 31-38.

Fisher, M. and Membery, D.A., 1998: Climate. In Vegetation of the Arabian Peninsula. (eds. Ghazanfar
SA, Fisher M). Kluwer Academic Press: Netherlands, 5-38.
https://doi.org/10.1002/qj.49707431904

Ghazanfar, S.A. and Fisher, M., 1998: Vegetation of the Arabian Peninsula. Kluwer Academic
Publishers. https://doi.org/10.1007/978-94-017-3637-4

Gong, D.Y. and Wang, S.W., 1999: Long term variability of the Siberian High and the possible influence
of global warming. Acta Geographica Sinica 54, 125-133 (in Chinese)
https://doi.org/10.5194/gh-54-125-1999

Guo, Q.Y., 1996: Climate change in China and East Asian monsoon. In: (ed. Yafeng Shi) Historical
climate change in China. Shandong Science and Technology Press, Ji’nan, 468—483.

Handmer, J. et al., (34 authors), 2012: Changes in impacts of climate extremes: human systems and
ecosystems. In book: Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation Publisher: Editors: Field, C B and Barros, V and Stocker, T F and Qin, D and
Dokken, D J and Ebi, K L and Mastrandrea, M D and Mach, K J and Plattner, G K and Allen, S
K and Tignor, M and Midgley, P M. A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK, and
New York, NY, USA.

Hasanean HM., Abdel Basset H.M., and Husseein M.A.A., 2015. On the Relationship between Climatic
Variables and Pressure Systems over Saudi Arabia in the Winter Season. Adv. Atmos. Sci. 32,
690-703. https://doi.org/10.1007/s00376-014-4149-5

Hasanean, HM. and Almazroui, M.A., 2017: Teleconnections of the tropical sea surface temperatures
to the surface air temperature over Saudi Arabia in summer season. Int. J. Climatol. 37, 1040—
1049. https://doi.org/10.1002/joc.4758

Hasanean, HM., Almazroui M.A., and Jones, P.D.; Alamoudi, A.A.,2013. Siberian high variability and
its teleconnections with tropical circulations and surface air temperature over Saudi Arabia.
Climat. Dynam. 41, 2003-2018. https://doi.org/10.1007/s00382-012-1657-9

Hastenrath, S., 1985: Climate and the Circulation of the Tropics. Boston (D.Reidel).
https://doi.org/10.1007/978-94-009-5388-8

540



Hurrell JW., Kushnir, Y., Ottersen, G., and Visbeck, M., 2003: The North Atlantic Oscillation: Climatic
Significance and Environmental Impact. Geophysical Monograph Series, 134. Washington, DC:
AGU. https://doi.org/10.1029/GM 134

Islam, N., Almazroui, M.A., Dambul, R., Jones, P.D., and Alamoudi, A.O., 2015: Long-term changes in
seasonal temperature extremes over Saudi Arabia during 1981-2010. Int. J. Climatol., 35, 1579—
1592. https://doi.org/10.1002/joc.4078

Izumo, T., Montégut Cd.B., Luo, J-J., Behera, S.K., Masson, S., and Yamagata, T., 2008: The role of the
western Arabian Sea upwelling in Indian monsoon rainfall variability. J. Clim. 21, 5603-5623.
https://doi.org/10.1175/2008JCLI2158.1

Jansen, E., Overpeck, J., Briffa, K.R., Duplessy, J.-C., Joos, F., Masson-Delmotte, V., Olago, D., Otto-
Bliesner, B., Peltier, W.R., Rahmstorf, S., Ramesh, R.; Raynaud, D., Rind, D., Solomina, D.;
Villalba, R., Zhang, D. Palaeoclimate, in Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis,
M., Averyt, K.B., Tignor, M., and Miller, H.L. 2007: In: Climates of the Arabian Peninsula,
Climate Change The Physical Science Basis, Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University
Press, Cambridge.

Kendrew, W.G., 2012: The climate of the continent. Oxford University Press, New York, 5th edition.
KISR. Assorted publications on impact of dust storms in Kuwait, available at
http://www kisr.edu.kw

Khan, S. and Alghafari, Y., 2018: Temperature, Precipitation and Relative Humidity Fluctuation of
Makkah Al Mukarramah, Kingdom of Saudi Arabia (1985-2016). Transact. Machine Learn.
Artificial Intellig. 6, 42-58.

Koppen, W., 1936: Das geographisca System der Klimate, in: Handbuch ~ der Klimatologie, edited by:
Koppen, W. and Geiger, G., 1. C. " Gebr, Borntraeger, 1-44.

Képpen, W., and Geiger, R., 1928: Klimate der Erde, Justus Perthes, Gotha.

Kotwicki, V., Al Sulaimani, Z., and Al Khatri, A., 2007: Effect of long-term weather patterns and climate
change on water resources. Proceedings of the IV Wadi Conference, Muscat.

Kotwicki, V. and Al Sulaimani, Z., 2009: Climates of the Arabian Peninsula - past, present, future. Int.
J.f Climate Change Strat. Manage. 1, 297-310.https://doi.org/10.1108/17568690910977500

Krishna, L.V., 2014: Long Term Temperature Trends in Four Different Climatic Zones of Saudi Arabia.
Int. J. Appl. Sci. Technol. 4, 233-242.

Langodan, S., Cavaleri, L., Yesubabu, V., and Hoteit, 1., 2014: The Red Sea: a natural laboratory for
wind and wave modeling. J. Phys. Oceanogr. 44, 3139-3159.
https://doi.org/10.1175/JPO-D-13-0242.1

Makrogiannis, T.T., Sahsamanoglou, H. S., Flocas, A. A., and Bloutosos, A.A., 1991: Analysis of
monthly zonal index values and long-term changes of circulation over the North-Atlantic and
Europe. Int. J. Climatol. 11, 493-503. https://doi.org/10.1002/joc.3370110503

Masatoshi, M., and Urushibara, R., 1981: Regionality of climatic change in East Asia. GeoJourna, 5,
121-132. https://doi.org/10.1007/BF02582045

Mayewski, P.A., Rohling, E., Stager, E., Karlen, J.C., Maasch, W., Meeker, A., Meyerson, L.D.; Gasse,
E.A., van Kreveld, F., Holmgren, S., Lee-Thorp, K., Rosqvist, J., Rack, G., Staubwasser, F.,
Schneider, M., and Steig, R.R., 2004: Holecene climate variability. Quaternary Res. 62, 243-255.
https://doi.org/10.1016/j.yqres.2004.07.001

541



McClure, HA., 2007: A new Arabian stone tool assemblage and notes on the Aterian industry of North
Africa. Arabian Archaeol. Epigrap. 5, 1-16. https://doi.org/10.1111/.1600-0471.1994.tb00052.x

Miyazaki, S., Yasunari, T., and Adyasuren, T., 1999: Abrupt seasonal changes of surface climate
observed in northern Mangolia by an automatic weather station. J. Meteorol. Soc. Japan 77, 583—
593https://doi.org/10.2151/jmsj1965.77.2_583.

Moore, E., 1986: Gardening in the Middle East. London: Stacey International.

Muller, M.J., 1982: Selected climatic data for a global set of standard stations for vegetation science, In:
(Ed. Lieth, H.), Tasks for Vegetation Sciences, 5. Dordrecht: Kluwer Academic Publishers Group.
https://doi.org/10.1007/978-94-009-8040-2

New, M., Hulme, M., and Jones, P., 2000: Representing twentieth—century space—time climate
variability. Part II: development of 1901-1996 monthly grids of terrestrial surface climate. J.
Climate 13, 2217-2238. https://doi.org/10.1175/1520-0442(2000)013<2217:RTCSTC>2.0.CO;2

Parmesan, C., Root T.L., and Willig, M.R., 2000: Impacts of Extreme Weather and Climate on errestrial
Biota. Bull. Amer. Meteorol. Soc., 81, 443—-450.
https://doi.org/10.1175/1520-0477(2000)081<0443:I0EWAC>2.3.CO;2

Peel, M.C., Finlayson, B.L., and McMahon, T.A., 2007. Updated world map of the K&ppen-Geiger
climate classification. Hydrol. Earth Syst. Sci., 11, 1633—1644.
https://doi.org/10.5194/hess-11-1633-2007

Peterson, T.C., Stott, P.A., and Herring, S., 2012: Explaining Extreme Events of 2011 from a Climate
Perspective. Bull. Amer. Meteorol. Soc., 93, 1041-1067.
https://doi.org/10.1175/BAMS-D-12-00021.1

Preusser, F., Radies, D., and Matter, A., 2002: A 160,000-Year Record of Dune Development and
Atmospheric Circulation in Southern Arabia. Science, 296, 2018-2020.
https://doi.org/10.1126/science.1069875

Rasuly, A.A., Babaeian, 1., Ghaemi, H., and ZawarReza, P., 2012: Time series analysis of the pressure
of the synoptic pattern centers affecting on seasonal precipitation of Iran. Geography and
Development 10nd Year, No. 27, Summer 2012, 18-21. [Available online at
http://www.sid.ir/en/VEWSSID/J pdf/ 98920122706.pdf ]

Rodwell, M.J., and Hoskins, B.J., 1996: Monsoons and the dynamics of deserts. Quart. J. Royal
Meteorol. Soc., 122, 1385-1404. https://doi.org/10.1002/qj.49712253408

Rodwell, M.R., and Hoskins, B.J., 2001: Subtropical anticyclones and monsoons. J. Climate 14, 3192—
3211. https://doi.org/10.1175/1520-0442(2001)014<3192:SAASM>2.0.CO;2

Rogers, J. C., 1984: The Association between the North Atlantic Oscillation and the Southern
Oscillation in the Northern Hemisphere. Mon. Weather. Rev. 112, 1999-2015.
https://doi.org/10.1175/1520-0493(1984)112<1999: TABTNA>2.0.CO;2

Rogers, J.C., and van Loon H., 1979: The seasaw in winter temperature between Greenland and northern
Europe. Part II: Some oceanic and atmospheric effects in middle and high latitudes. Mon. Weather
Rev. 106, 324-330.

Sahsamanoglou, H.S., and Makrogiannis, T. J., 1992. Temperature trends over the Mediterranean
regions, 1950—-88. Theor. Appl. Climatol. 45, 183—192. https://doi.org/10.1007/BF00866191

Stern, R.J., Avigadb, D., Miller, N.R., and Beyth, M., 2006: Evidence for the Snowball Earth hypothesis in
the Arabian next term-Nubian Shield and the East African Orogen. J. African Earth Sci. 44, 1-20.
https://doi.org/10.1016/].jafrearsci.2005.10.003

542



Subyani, A.M., Al-Modayan, A.A., and Al-Ahmadi, F.S., 2010: Topographic, seasonal and aridity
influences on rainfall variability in western Saudi Arabia. J. Environ. Hydrol. 18, 1-11.

Taha, M.F., Harb, S.A., Nagib, M.K., and Tantawy, A.H., 1981: The Climate of the Near East, In:
Takahashi, K. and H. Arakawa (eds.), Climate of Southern and Western Asia, Elsevier, 183-241.

Tarawneh, QY. and Chowdhury, S., 2018: Trends of Climate Change in Saudi Arabia: Implications on
Water Resources. Climate, 6, 8. https://doi.org/10.3390/c1i6010008

Troll, C., and Paffen, K.H., 1980: Jahreszeitenkarte der Erde, Berlin.

United Nations Framework Convention on Climate Change (UNFCCC, 2011. Second report, National
Communication Kingdom of Saudi Arabia Report, 2011

Viswanadhapalli, Y., Dasari, H.P., Langodan, S. Challa, V.S., and Hoteit, 1., 2017: Climatic features of
the Red Sea from a regional assimilative model. Int. J. Climatol. 37, 2563-2581,
https://doi.org/10.1002/joc.4865

Vorhees, C.D., Murphree, T., and Pfeiffer, L.K. 2006: Tropical Climate Variations and Their the
Northwest Indian Ocean-Northeast Africa- Southwest Asia Region, Tropical Met Conference,
Apr 06, 2006.

Walter, H., and Lieth, H., 1967. Klimadiagramm-Weltatlas, Jena: VEB Gustav Fischer Verlag.

Wilby, R., 1993: Evidence of ENSO in the synoptic climate of the British Isles since 1880. Weather 48,
234-239. https://doi.org/10.1002/j.1477-8696.1993.tb05897.x

Yao, F. and Hoteit, 1., 2015: Thermocline regulated seasonal evolution of surface chlorophyll in the Gulf
of Aden. PLoS ONE, 10. https://doi.org/10.1371/journal.pone.0119951

Yin, Z.Y., 1999: Winter temperature anomalies of the North China Plain and macroscale extratropical
circulation. Int. J. Climatol. 19, 291-308.
https://doi.org/10.1002/(SICT)1097-0088(19990315)19:3<291::AID-JOC334>3.0.CO;2-B

Zhu, Q.G.; Shi, N.; Wu, Z.H., 1997. Low frequency variation of winter ACAs in north hemisphere and
climate change in China during the past century. Acta Meteorlogica Sinica 55, 750-758.

543



