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ABSTRACT

Increasing Snowfall Events in the Northern Region of Saudi Arabia
by

MoeedhAl zahrani

Plymouth State University, Deg 2017

Saudi Arabia as part of the Middle East has been experiencing climate
change effects. As a result of that, a there has been a noticeable increase in
snowfall over the northern regions of Saudi Arabia. In this thesis work, different
studies have been applied to better understanding this phenomenon, such as
looking closely at the interannual trends in temperature, pressure and
precipitation in the northern part of Saudi Arabia. Principle components of
variation in temperature, pressure, and integrated precipitable water are also
investigated. Work has been done to understand the correlation and time lag
between these principle components and the Siberian High (SH). Data used in
this work were obtained from different sources because of the data lack in that
region. Data from six meteorological stations in the northern part of Saudi Arabia

were used in this work including the surface and upper data.

The results of this thesis are divided into two parts. The first part examines the
regression between different components such as High-Level Thickness (HLDZ)
(700hPa i 500hPa) and the sea level pressure (MSLP) which showed a negative
relationship. Relations between Mid-Level Thickness (MLDZ) and MSLP,

Potential Temperature (q) and MSLP, the westerly component of wind at 300 hPa

(U300) and MSLP, U300 and g, U300 and HLDZ and MLDZ, and U300 and the
Xi



mean T are also examined. The results showed that SH has a strong influence
over the northern region of Saudi Arabia. Moreover, the cold air aloft associated
with the SH leads the atmospheric thickness to shrink.

The second part of results is a synoptic study on the north region of Saudi
Arabia. The MSLP Composites Analyses indicated that the SH dominates a large
area including the northern region of Saudi Arabia. In addition, the composites
results have been divided into two cases, in rain cases and in snow cases to show

what causes each case.
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Chapter 1

1. Climate Change over the North part of Saudi Arabia

Extreme weather is defined as unusual weather conditions or phenomena that occur as a
result of unusual meteorological forcing. Globally, that could happen iseaspn, and sometimes
weather forecasts do not effectively include these events. However, weather offices watch closely
for any unusual changes all the time, and record the data reported by meteorology instruments,
which gives research meteorologists tppartunity to analyze and study extreme weather events
to better understand their meteorological causes. Most of this research starts with the synoptic data,
and then tries to give a largeale explanation for the events in the study. For more detailed

understanding, research should then proceed to dynamics, along with other areas of meteorology.

Many scientists believe that global warming observed over the last century, and its
consequences, are highly influenced by human activities, and are not rherggult of natural
fluctuations (Hardy, 2003). The currently observed global warming cannot be explained by natural
phenomena alone (PME, 2015). Ttlanate has evolved over millions of years, but its rate of
increasedn the last two centuries due teethuman activity. The emission of carbon dioxide and
other greenhouse gases from sources such as factories and transportation, has led the earth to
significant changes in the distribution temperatures in the earth system. All of these changes in

E a r t imétesaremhe of the main reasons for any increase in extreme weather phenomena.

The purpose of the research described in this thesis is to study and analyze the effect of
climate change over the northern part of the Kingdom of Saudi Arabia. Most ofaltenell be
focused on of studying and investigating the increase in the snowfall events in north sector of

Saudi Arabia recorded by six meteorological stat{@aduk, Arar, Truif, Skaka, Hial, and Griyat)
1
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Climatologyof Saudi Arabia

The Kingdom of Saudi Arabia is located at the saméist corner of Asia between latitudes
16 and 32 degrees north, and longitudes of 35 and 55 degrees east(Figure 1). It has a land area of
approximately 2,250,000 km. Therefore, mosief country is within the Sutvopical Belt which

can be described by the following specific characteristics.

Air massesThe Kingdom is mainly affected by four air masses during the four seasons:
(1) Continental Polar (cP) in meteorological winter (DJSsociated with the Siberian High,
which affects the northern, central and eastern regions of the Kingdom; (2) the seasonal Maritime
Polar(mP), which affects north region of Saudi Arabia in winter, and originates in the North
Atlantic; (3). Continental Tapical (cT), during the meteorological spring (MAM) and early part
of the meteorological summer (JJA); and (4) Maritime Tropical (mT), which moves westward
from northern India, affects most areas of the Kingdom durirtgangogical summer. (Akhalaf
et d., 2015) The southern and western areas are mainly under the influence of relatively warm and
moist tropical air masses associated with the extension of the seasonal Sudan Low (SL), originating
to the south of the Kingdom. The position of this low pressurs y st emés axi s can
influence of synoptic conditions in the upper atmosphere, so the center of the low may move
further south or east of Saudi Arabia due to the changing or moving of the upper air systems. That
allows the air masses (assdaewith the extension of the Azores High (AH) orcoming from the
Mediterranean) to cool before reaching the Kingdom. (De Pauw, 2002; Kotwicki and Alsilimani,

et al, 2009).



Meteorological summer In the meteorological summer, most of the Kingdom is lsual

under a seasonal Indian lgwessure system called the South West Indian Monsoon (SWIM). This
low pressure drives the warm and dry continental winds from the east region to almost all of the
Kingdom. The only exception of this flow is the Asir (Ablrayion in the soutiwest of Saudi
Arabia(Figurel). The Asir region is mainly influenced by the mT air masses under the influence

of the Sudanese Low, or as a result of the cycle of the sea breeze during local daytime. In fact, the
effect of low seasonal than extension can be sometimes even before the summer timslayjd

and will continue until (mieSeptember), or about® months. There are usually no significant

synoptiescale changes that occur during this part of the year.

Another aspect in the sunemseason is the formation of an important synegtale
phenomenon in the | ower strata of the tropospt
Quart er (Fibueei)e The persistence of this thermal low over the area prevents the
movement othe cold air associated with the extension of the Azores high over North Africa and

Egypt toward the western region of the Kingdom.

Meteorological winter During meteorological winter, Saudi Arabia is mainly influenced

synoptically by two pressure systemusd that produce most of the weather activity in the area.
First, the Mediterranean Low pressure system moves in from the west and traveling to the east
associated with Polar Jet Stream, bringing significant amounts of rainfall, especially over the
northen part of the country. Second, more than half of the Saudi Arabia land area is dominated
throughout the winter by the Siberian High, which results in significant cooling. The third aspect,
a combination of westerly trough has cold dry air and warm mosbaiing from the southwest

from Sudan and Somalia and producing asignificantamount of rain especially over the west and

the center regins of Saudi Arabia. (Hasaneeinal.,2015).
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Transitional seasons During the spring and fall seasons, the synopticagon is

changeable which results from the normal movement of the air masses through the region. In these
transition seasons in Saudi Arabia, sometimes the weather may be extreme due to the gradual
transitional distribution of the pressure over the a®@adstorms and thunderstorms are likely in

these months and it may occur very quickly after calm weather.

Temperature variations In general, the spatial and tempovariations in synoptic

conditions,including low and high pressure systems, andraisses, control the distribution of
temperature over the Kingdom of Saudi Arabia. The temperature of Saudi Arabia is characterized
by high air temperatures, especially in the summer, when the temperature sometimes reaches over
50° Celsius, except in the rtbern region of the Kingdom such as Tabuk, Quriat, and Hial (Figure

1). In the southern regions of Saudi Arabia, where the Albaha and Asir mountains are tbeated,
temperature is generally cooler, ranging between 25° to 30° Celsius because of thaltitigies

(Hasaneamt al.,2015).

Variations in precipitation and relative humiditffrhe Kingdom is located within the belt

dry areas near the tropics, where precipitation is generally highly irregular, and is often heavy in
the shoriterm. The amountfgrecipitation over Saudi Arabia is small compared to most of the
rest of the world, and occurs mainly during the winter and spring, with the exception of the western
and southern mountainous areas which clearly shows the presence of high summits. ,Hoavever
western and central regions have been recemmgcreasef amounts of rainfalin the last five

years and these events have investigated by some Saudi meteorotogigts-Khalaf et al.,

2012).



Relative humidity ranges from only D% in the interior areas during the summer, but
increases toward the coasts of the range to as high &% ®n the western shores. The relative
humidity in the west is normally higher than on the eastern shores @wbes not usually exceed
35%. The reason for this is the strong influence of seasonal Indian low in the eastern regions

(JRCC, 2015).

Climate change in Saudi Arabia.

Climate change has been a major issue everywhere, is been getting worse, and s becom
a very important subject to all of the meteorology organizations around the world. According to
Hosny and Rhaman, (2012), climate change and global warming have been observed in most
regions of the world. They referred to the global trends of regiomgddeature variations in their
article, stating that there has been a global increase of OB6CC in the surface air temperature
0.5°C-0.7°C for the Northern Hemisphere since 1865. As a result of the study, the climate change
trends oveSaudi ArabiaHosny and Rahmg2012) found an average warming in Saudi Arabia
of (0.5°C), and an average cooling of (1.0°C) in the period from 1978 to 1982. On the other hand,
Almazroui (2012) studied climate change in Saudi Arabia, using the mean annual surface air
temperature, for all the available weather stations. His study, found that the warmest year in the
historical records of Saudi Arabia weather was 2010, when Jeddah City reached high temperatures

of 52°C.

The impact ohumanactivity ont h e e ar t, hré mosteronouneed ia the changes
of temperature in glacial climateshich may be student changes could lead later to the prospect

of droughts, flashfloods, increased tropical storm landfalls, and increased monsoon precipitations,



which are all of coriderable concern (Overpeck and Cole 200®is appliesnot only toglacial

climates but to the global climate overall including the country of Saudi Arabia.

As a result of the climate change in all regions, the Kingdom of Saudi Arabia most likely
has expgence some of its own weather changes and extreme events. One of these extreme weather
events was a severe thunderstorm which occurred in Jeddah City, Kingdom of Saudi Arabia, on
November 25, 2009 (Figure 1). This thunderstorm affected Jeddah City, lagsvibe entire
western region of Saudi Arabia, including Makkah City. The total amount of precipitation on that
day was more than 90 millimeters of rain in Jeddah City, which fell in just 4 hours. This unusually
heavy precipitation caused about 122 deatigsbillions of dollars (USD) in damages. After this
flash flood, researchers have investigated this heavy precipitation and developed meteorological
explanations. The most common result found was that the heavy rainfalieliesly a climate
changesignal over the region; synoptically, this heaaynfall occurred when a high pressure
system over the Mediterranean area and low pressure system over the Red Sea worked together to
create unstable weather condition and considering that as kind @intlate change aspect&l¢

Khalafet al.,2012).

Other parts of the Kingdom are suffering strong droughts such as Bisha City. The Middle
West and Middle East of Saudi Arabia are considered drought areas, especially in the last twenty
years. Many palm treplantations have completely dried out and died. Many natural water
resources, known from ancient times, such as the natural springs and aquifers in Alahsa City, have

dried up because of this unusually intense drought (SMOA, 2015).

Moreover, the northerparts of Saudi Arabia have been receiving increased amount of

snowfall every winter since 2009. Snowfall is very rare in this part of the world. Meteorological



stations in Tabuk, Alquryat, and other cities in northern Saudi Arabia have recorded thidlsnowfa
events as a new weather event on their weather reports. According to the Presidency of
Meteorology and Environment of kingdom of Saudi Arabia (PME 2015), air temperatures in the
northern regions have reached below zé&elsius in last few winters, wittsome areas

experiencing snowfall and cold winds (Figure 2).

Kingdom of Saudi Arabia

Extreme weather distribution
: Snow area
j Frequent flash flood area
1 P T — s Kilometers
[ 1 Drougnt area 0 140 280 560 840 1,120
Other Values

Figure 2: Extreme weather map distribution in Saudi Arabia over the last seven years

The weather stations in the northern part of the country have been officially recording
snowfall sincew nt er of 20009, for the first ti me 1in
meteorological researchers have started to investigate these snowfall events as part of the larger

study of climate changes over the country. According to Hasagteah (2013), a very clear



relationship has been found betwesmuthward extension of the Siberian High pressure system

and air surface temperature in the winter season over Saudi Arabia. They also stated that there was
a strong correlation between Siberian Highhi@ winter season and surface air temperature across

the northeastern and northern west sectors of Saudi Arabia. Moreover, a strong negative correlation
was found between surface air temperature over the Siberian High regiooighern Asia, and

the suface air temperature over the regions of Saudi Arabia domirmtetie Siberian High
(Hasaneart al, 2013). In other words, when temperatures rises in northern Asia, if falls in the

northern part of Saudi Arabia, caused by the southward shift okttter of the Siberian High.

The current research focuses on investigating the increasing of the amount of snowfall in the

north sector of Kingdom of Saudi Arabia.

o What are the interannual trends in temperature, pressure, integrated precipitable water and
precipitation in the northern part of Saudi Arabia?

o What are the principle components of variation in temperature, pressure, and integrated
precipitable water in northern Saudi Arabia?

o What is the correlation and time lag between these principle comparahthe Siberian

High?



Chapter 2
2. Data and methodology

Since the purpose of this thesis is the study of climate change over the northern part of
Saudi Arabia, a good long period of time is required for the best results. The north region of Saudi
Arabia has around seven weather stations that belong to Saudi PME and two of these stations are
very close to each other and that make them almost have the same climate data. For this reason, |
have discard only one weather station and involved the rest sikte&ations which shows better

geographical distribution in this project (Figure 3).

All of these six surface meteorological statizsch are (Tabuk, Arar, Truif, Skaka, Hial,
and Griyat) are completely inside major cities and some of them are lieloatjonal airports.
Thus there are generally in the same ragion and some of them are in close distance to each other,

the geographical future and stations altitude are vary (Table 1).

Table 1:Meteorology stations information

WMO ID City Name Latitude

40357 Arar 41° 8'21.05"E 30°53'26.85"N 555
40356 Truif 38°43'39.78"E 31°40'20.41"N 855
40361 Skaka 40°12'27.19"E 29°56'30.15"N 689
40394 Hial 41°41'34.35"E 27°25'26.88"N 1015
40360 Griyat 37°22'52.29"E 31°18'42.96"N 509

Longitude

Elevation (m)

Tabuk 36°34'1.45"E 28°21'54.43"N

10
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Figure 3: North region weather stations locations

All data was combined from different sources because of its long duration. The first set of
data period startsom January ¥ of 1985 to January 1 st of 2010, this data was obtained from
Saudi Arabia Presidency of Meteorology and Environment (PME) data archive. However, this data
was formatted only as a monthly averages for the all periods, because doftértgd to contact
some Meteorologist friends in Saudi Arabia in order to get better climatological data archive and
that comes to the second data source. The second set of data was obtained from Dr. Nasser
Al sarhanoés archi ve daty& offl985tmJahubrgtiof 2 enkuckipye r i o d
Dr. Nasser Alsarhan could provide me better data set of the all period with daily averages for the

all-weather stations that involved in this study. Despite this period could be enough for a

11



climatological sudy, still considers missing one more important period which is from 2010 to
2015. This period is important regarding to the increasing of the snow fall event in the last five
years, which is substantial in this research. For this reason, | had totbbttiird set of data from

different open data source. The third data set period which is fron®201Q to December 30

2015 was retrieved from weather underground archive data website.

The

All data were received as raw data in .txt files, and to be able to read these files | used UNIX and

Excel application to look at the data. All the six meteorological stations data files contain the same

tot al

per.i

od

of

t hi

S t icheissfrions 198bdor2®15. i

S

weather elements weathercord which are; Maximum Temperature, Minimum Temperature,

Mean temperature, Maximum relative humidity, Minimum relative humidity, Mean relative

humidity, Maximum surface pressure, Minimum surface pressure, Mean surface pressure, and
Precipitations. The uts for these elements are in a metric system, Celsius for Temperature C°,
Percentage for relative humidity %, Hector Pascal for pressure hPa, and millimeter for

Precipitations mm. (Table 2).

Table 2:Weather data formatting from the source

19850101
19850102
19850103
19850104
19850105
19850106
19850107
19850108
19850109
19850110
19850111

YYYYMMDD MaxTdb

16
15.5
16.7
17.1
15.7
15.5
17.3
18.7
22
23
17.3

MinTdb MeanTdb MaxRh

2.2
2.6
-1.6
-2.6
-2.1
-1.9
-2
-1.8
-1.3
1.6
6

9.5
8.6
6.5
6.5
6
5.3
6.5
8.2
9
12
12.1

78
67
73
79
70
81
83
78
72
51
71

MinRh
42
24
29
22
34
33
30
17
18
20
45

MeanRh
60
43
51
49
53
56
57
43
40
36
63

MaxSP
952.9
955.4
963.5

964
964.4

964.9
962.8
964.6
964.5
958.8
960.8

MinSP
947.6
948.2
955.9
960
960.3
960.9
959.5
961.5
958.9
955.4
957.1

Mean5SP
950.4
952.9
960.7
961.9
962.1
962.8
960.9
963.1
961.5
957.3
959.3

Precip
0

o o o o o oo

-999
-099

12
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Due to thdong period, there were some missing data in some days coe@@basnd/or
777. Most of these missing data happened to be in the stations pressure and some other in the
precipitations. One of the best way that | used to fix those missing data and thplaceith
reliable values is to find the mean value by adding the previous day value and the day after and

then divide by two.

YO Qg Qi | 1Od 6 (1)

For the thesesvork purposes, potential temperature and mean sea level pressure are
required. Wherefore, correcting the pressure values from station pressure telévelsgassure
is the first step that | had to do. For that | used thedwyetric formula as shownlbes to convert
the pressure values from atmospheresgure to MSL by knowing that 1 atm = 1013.25.hiBa

mathematical expression is:

CA

o™

CA
©

8 8 2
Where:

Po: Sealevel pressure in hPa.

P: Atmospheric pressure in hPa

h: station altitude in meters m.

T: Tempreature at present location in Celsius C°.

The second calculation that need to be done is converting the temperatures values from

Celsius tagpotential temperaturelf in Kelvin. For this reason, | used the Poisson equation which

13



is defined aghe final temperature of a parcel of air thaduld haveif movedin an adiabatic

process from any altitude to 1000 h{R&ller, 2015). The equation isigen by:

— YO— @3)

Where:

d: Potential temperature in K°.

Pi: Station pressure in hPa.

K: Poisson constant in dry air = 0.286

The third data set are tlupper air wind speed and directions comporfent) Due to the
subtropical and warm location of the kingdom of Saudi Arabia, the layer thickness are higher than
any colder locations (Fige4). Therefore, higher upper air shows better and strongeorethtps

between different components.

@® Geostrophic wind
Warm Air (coming out of the page)
250 mb PGF - pressure gradient
force
Co - Coriolis Force
500 mb
PGF
>
750 mb
850 mb
P=1013 mb

Figure 4:Atmospheric thermal thickness layenstp://www.ux1.eiu.edu/~cfjps/1400/pressure_wind.html
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For this reason, | have used the 300hPa wind compounefds(OETB station, and they
were reduced from 1Bours to 24 hours resolution using a twaided triangular low pass filter
with one sided width of 24 hours. Besides that, the 850 hPa wind compov)efaisthie same
station OETB, and they also were reduced from 12 hours to 24 hours resolution usagé¢he
filter as 300 hPau) components. All upper air data were providedwler (2016, in which he
used aset ofMatlab filters to process the data. One standard weather station was used to obtain
the upper air data which is Tabuk OETB, so then it represents the northern region of Saudi Arabia
upper air wind components,{) . The time series for upper air data ttérom December of 1998

to August of 2015.

Beside the above data, also the Hig\el and midlevel atmospheric thickness are presents
in this work. The data for HLDZ and MLDZ were obtained from Dr. Miller for station of Tabuk.
These data were reducedrfrd2 hours to 24 hours resolution using a twetded triangular low
pass filter with one sided width of 24 houme study of thickness can help to find out how much
the northern part of Saudi arabiaaffectd by SH in winter. Also, by plotting somdanttes such
as MSLP and upper air data we can have better understanding of the increasing of snow fall events

and linking these with the final results.

For most of the work and data results, Tabuk upper air data was used for studying the upper
ardynamic That 6s because itds the only one statio
data as 12 and 24 hours data. As a further matter, OETB station is not far away from other stations.

Its about 330 KM to OEGT and 415 KM to OETR where the most oplbiting work done

(Figureb).

15
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Figure5: Distance of OETB to OETR and OEGT
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Chapter 3

3.1.Resultspart I .

Since this thesis focuses more on investigating the increase of snowfall events over the
northern part of Saudi Arabia, thet mos pher ebés dynamic should be
analyzing the synoptic pattern of the atmospheric thickness of winter is important to show how
much the atmospheric thickness is affected by other changesather elements such as
temperaturepressure, and upper air wind data. The best approach to understand how all of these
vectors correlated to each other is to first run the regression analysis and show the relationship

between different data sets.

The first regression analysis shows thatiehship between High level thickness
(HLDZ) (700hPa 500hPa) and the sea level pressure (MSLP). However, only the
meteorological winter season (Dec, Jan, Feb) was used in plotting the results in order to avoid
the variations during the other seasonse Tbmparison plot for MSLP and HLDZ shows a clear
negative relationship. As we can see in the figure, as pressure gets a higher value, the High level
thickness values drop. In other words, the high pressure is associated with lower thickness. It is
obvioushere the strong effect of the Siberian high pressure (SH), which dominates over all
northern parts of Saudi Arabia in the atmospheric thickness. That also means there are cold air
lofts caused by SH, which leads to decreased upper air temperature and snfperature

(Figureb).
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Comparison Plot MSLP and HLDZ
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Figure 6:The relationship between MLDZ and MSLP.
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Figure 7: The relationship between MLDZ and MSLP.
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The midlevel atmospheric thickness plot (850HPZ00hPa) shows the same pattern of
correlation of the previous HLDZ ressl It shows an inverse relationshifiye column of
atmospheric thickness decreases as the pressure increases and that is also associated with the cold
core of the SH (Figre 6). The inverse relationship basically means the value of higher pressure
leads he value of thickness to drop respectively. In our case, that proves that the SH has a strong
influence over the northern region of the country by decreasing the vertical layer thi¢kgess

7).
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Figure 8:Thickness and air pressure relationsh(ipttps://wattsupwiththat.comn/

Potential temperatured) is also involved in this study since it is amore dynamically
important quantity than the actual temperature because it is less affected by any physical obstacles.
The surface potential temperatucg plot with MSLP shows similar behavior. A clear negative
relationship was found between surfadeand MSLP for station OETR. The plot clearly shows
the higherthe value of MSLP, the lower the value of potential temperati)reT berefore, that
means thesurface pressure leads tlaf (o drop. This result is actually very reasonable because of

the SH impact over the northern part of Saudi Arabia. SH brings the cold air temperature from the
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northern hemisphere, leading the surface temperature to decveatiecoara the SH moves over

(Figure 8).
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Figure 9:The relationship between Theta and MSLP

The 300 hPa wind components {or the OETB station and the MSLP for the OETR plot
has an interesting result. There is a positive taion between wind coponent LBOO hPa and
surface pressure. The stronger U300 wind, the higher value of the MSLP. In other words, the U300
wind component drives the MSLP to increase in its value. As illustrated in the correlatveebet
thickness and pressure ilg&re 6, the higher pressure leads the thickness to fall and that is because
of the cold air that is associated with the SH. The more the atmospheric thickness decreases due

to the changing MSLP, the steeper the geopotential high gets. Thus, the U3QGIhimztease

20



in this level, making the upper air jet stream stronger. Also, that indicates the polar jet stream that

cools the northern part of Saudi Arabia is actually driven by the southward movement of the SH.
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Figure 10:The relationship between U 300 and MSLP.

Here we are looking into another result plot for U300 and Thgtalrbe comparison is
very much continuing to prove the effect of the SH on the region. The result shows an inverse
relationship between U300 andéih (). The stronger the westerly wind, the lowdr\alue, and
that means the increase of the Theav@lue leads the jet stream to drop. Besides that, that also
demonstrates that the cold air coming on the surface from the north and increase<thatU30

(Figure 10).
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Comparison Plot Theta and U300
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Figure 11:The relationship between U 300 and Theta.

The next plots illustrate the comparison of U300 and high level thickness (HLDZ) and the
MLDZ. The figures show a negative relationships between U300, MLDZ, and HLDZ. When the
speed of U300 increases, the value of MLDZ and HLDZ shrink. The U300 values are independent
on this plot; when the westerly wind gets stronger because of the SH southward movements, the

height of thckness decreases respectively (Fggll and12).
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Figure 13:The relationship between U 300 and MLDZ.
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The last correlation plot is between the U300 and mean temperature. As known in
meteorology, temperature is one of the important weather elements foriogseeather patterns.
Thus, the surface temperature of the OETR station was used in this plot. The Turif City OETR
station has been experiencing a significant decrease of surface air temperature, reaching some
winters ta 4 C° with more frequent snowfallhe plot shows that the stronger the westerly jet
stream, the lower the value of the surface temperature. As explained before, the southward
movement of the SH toward the northern parts of Saudi Arabia causes the atmospheric thickness
to fall and the U30@o increase. Thus, the surface temperature decreaties @800 factor gets

stronger (gure13).
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Figure 14:The relationship between the U300 and the Mean Temperature.
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3.2.Results Part Il.

Synoptically, the SH plays a major role in the whole region during the winter season. The
SH pressure system is responsible for cold air in the northern hemisphere by bringing cold air from
the North Pole. In Saudi Arabia, the SH affects most parts iwititer season. For this reason,
synoptic studies have been conducted on the north region of Saudi Arabia. First, snow events have
been tracked since 1999 to 2014 and recorded the frequency of snow events in each year for the
station of OETR (Table 3). Sendly, a composite analysis for MSLP has been made for each year
separately to track the SH movements during the ten year period (Figure 14) and (Figurel5). From
the table, we can see that the snowfall is associated with low temperatures and that isobecause

the SH influences over the area.
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Table 3:Statistic records for mean temperature for OETR

Number Year i Median Sigma simple of

of Snow Size
0 1999 14 4 9 9 2 90
2 2000 14 2 8 8 2 91
0 2001 17 6 9 9 2 90
2 2002 14 3 8 8 3 90
0 2003 13 4 8 8 2 90
1 2004 16 -3 8 8 3 91
0 2005 17 2 9 8 4 90
0 2006 18 0 7 7 3 90
0 2007 17 3 8 8 3 90
6 2008 15 -2 7 7 4 91
1 2009 17 0 9 10 3 90
2 2010 21 0 11 11 3 90
1 2011 18 4 9 8 2 90
2 2012 17 1 8 8 3 91
2 2013 17 0 9 9 4 90
1 2014 18 2 10 9 3 90
4 2015 17 -1 9 8 4 59
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Figure 16:MSLP Composites Analysis years of 2009, 2010, 2011, 2012, 2013, and 2014
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Figures 14 and 18how a clear and understandable MSLP analysis for the 10 years from
2004 to 2014, using the Integrated Data Viewer (IDV). Figures illustrate the synoptic pattern for
each winter of that specific period. There is strong blocking between two ghEssuresystems
every year: the SH pressure system and the Eurdpeasystem. The SH dominates most of the
Asia, including Saudi Arabia in the winter seasons, while European lows show up on the far north
western of Asia. Both pressure systems have been pushaigother, making strong pressure

gradients over parts of south east Europe.

In our case we can notice that the SH is the main source for feeding the northern part of
Saudi Arabia with cold air during each winter. The strength of the SH varies froro ye@r and
this strength determines how cold this year will be. The core of the SH generally sits on the same
area each winter. However, there are some years where the center of the SH pressure system moves
slightly down south wesgs in 2004 when theonthern part of Saudi Arabia got one snowfall event
(Figure 14). However, in another winters we can see that the SH gets stronger than normal and
extends its ridges more to the west, dominating a large area of Europe. In these cases the northern
region of Saudi Arabia experiences lower temperatures (below zero Celsius). For example, the
year of 2008 got the most frequent number of snowfalissnowfall events in one winter, as
shown in Table 3. On the other hand, in 2008 we can notice that there weig istribaric
gradients with a trough in the south of the SH center over countries such as Tajikistan, Afghanistan
and north India. The surface winds that flow as shown on the map over the northern part of Saudi
Arabia are generally easterly to north eastame regions of the country (Figure 14). Thus, we
can say that the more the SH strengthens and shifts its ridges toward the west, the more likely the

north sector of Saudi Arabia will get more snowfall events.
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Additionally, all the composite results shaiat there are areas of deformation zone
(saddle zone) over the Mediterranean Sea. From the composite images, the deformation zone
changes its position almost every winter. The movements of this zone depend on the large scale
movements of the SH and theurBpean Low. As known, the deformation zone is usually
associated with a front that has a considerable amount of precipitBisns likely to feed the
northern part of Saudi Arabia with the moisture that is needed for precipitation, with the presenceof
the SH cold air coming from the east and north east to make it very likely to form snowfall over

the north part of the country.

All winters MSLP composite Analysis g

Figure 17:All winters MSLP Composites Analysis
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Al Rain events MSLP composite Analysis |

Figure19: All Snow MSLP Composites Analysis
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Another aspect of the composite analysis was created separately for all winters, all snow,
and all rain. The composites used gip data for the period from 2004 to 2014 to create these figures.
For the first result, theamnposite analysifor all winters, the image shows three major pressure
systemsver all the areas. The first one is the SH pressure, which dominates over a large scale that
includes Saudi Arabia. The second one is the European low pressure over atips &udl part
of the northern hemisphere. The third one is a high pressure system that appears over eastern and
central Africa. These three pressure systems work together to create a variation in weather during
all winter seasons, and each pressure movehmnits own influence on the area that it moves

over (Figure 16).

All rain composite figures show a similar winter pattern with some differences at certain
points. The averaged figure shows the position of the SH center is very much at the same point,
with minor movement around the same area. However, the ridge of the SH extends all the way to
the west over Bulgaria. Still, the European low pressure shows in the farther North West, but it
shows in stronger position than in the composite map for all iintdat would create an area of
strongisobaricgradients in between the SH and Ehegopean Low. On the other hand, we can see
that the area of the deformation zone went back farther to the west over Greece and Western
Europe. The trough that is showwer centraEgypt ismoved slightly to the west, but still affects
the North West part of Saudi Arabia. Generally, the surface wind flow direction over the northern
part of Saudi Arabia, in cases of rain, has a south to south easterly flow. The sunthlewyias
can be seen from the composite, is coming from the Arabian Gulf, which means warmer air coming

from the south (Figure 17).
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In the composite of all snow events map, the pattern is a little different. The SH ridges are
extended to the west ovelkraine. However, the ridge looks stronger than all rain cases. The
European low in this case went up tothe northwest, and that is because of the SHgetigey
and pushing the low back farther. Still, the trough over Egypt is there, but we canafiesnow
cases that the trough gets narrower or sharper and that procticesgaer effect over the northern
part of Saudi Arabia. Also, there is a trough that shows over Syria and Turkey, indicating that there
is a low pressure in this area that ihkto produce the needed moisture to form the snow events.
The area of deformation zone in this composite case is much clearer. It gets closer to our region of
interest and takes place over a large area of the Black Sea and the Mediterranean Sea. This
deformation zone is associated with a front that would be located at the border of the northern part
of Saudi Arabia. That is sery important point for our snow case because this formation of
precipitation is necessary for snowfall events with a cold air ihgresent over the area.
Furthermore, from the figure we can understand the wind flow pattern over the northern part of
the country. As shown in the map, the wind flow directions are mostly in this case easterly to north
east. That further explains teeurce of cold air in this region. The wind flow is coming from Iran
and Kazakhstaand is associated with cold air loft. In larger scale we can notice that the SH wind
flow comes from the Himalayas, which is a very cold area that has a strong influesice in
orientation of the boundary layer, causing cold air loft in the whole area. From this point, | looked
back at the METARS for station OETG in 2008 to doutileck the results. | found that all the six
snowfall events that occurred in the year 2008amsociated with westerly and north westerly
surface wind directions. That proves the wind flow source of cold air in winter is coming from the

east and from the north, as the composite shows (Figure 18).
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In another aspect, the Indian low pressure systest likely plays a role in this case. The
effect of Indian ridges in cases of the ridge getting stronger or weaker can change the wind flow
pattern over the study area. The stronger the Indian gdtge the more cold air loft can impact
the northern regin of Saudi Araba. That would produce more snowfall events instead of rain. The

snowfall more likely depends on how strong the Indian low gets (Figure 18).
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Chapter IV
4. ThesisConclusions

The northern parts of the Kingdom of Saudi Ardisae been experiencing an increase in
snowfall frequency every winter in recent years. This phenomenon is not uncommon over the
northern part of the country. However, snowfall frequency has increased and the recent number of
snowfall events recorded byamorthern surface weather stations is unusual. The increase of the
snowfall over this part of the world suggests the possibility of a global climate change. Saudi
Arabia is located in the center of the Middle East countries and is associated with d ot an
climate. This concept of a hot and dry cli mat
occurred in the region; such as the heavy rainfall/flood in Jeddah and the snowfall over the northern

region of Saudi Arabia.

This thesis focused ofé snowfall event over the northern part of Saudi Arabia using
advanced tools and weather analysis techniques. Data from six surface weather stations in the
northern region of the country was analyzed (Tabuk, Arar, Truif, Skaka, Hial, and Griyat). The
datawas obtained from multiple sources due to the lack of data for the region of the world. Upper
air data was used to show upgpepospheric dynamics during different precipitation events. Three
software applications were used for this research. A Matlaft seas utilized to obtain and plot
the results for the relevant time periods. IDV was used to visualize surface analyses. GIS was used
to create maps of the northern region of Saudi Arabia and overlay the aforementioned data and

locate all six surface ations.
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The results suggest a negative correlation between MSLP and HLDZ/MLDZ. This
relationship suggests that higher pressure values are associated with lower atmospheric thickness.
The effect of the Siberian High(SH) is very clear at this point;,W®&E becomes stronger and
covers the northern part of the country, the surface air temperature drops in response. In other
words, the SH over northern Saudi Arabia reduces the surface temperature and lowers the

atmospheric thicknesses.

Also, aninversee| at i onshi p was found between poten
the northern part of the country. So, when the value of MSLP increases, the potential temperature
decrease. From this correlation we can better understand the influence of the SH iseastdas
on northern Saudi Arabia. The SH |l eads to a d

the region.

The 306hPa wind components (u) for the OETB station located in the northern portion of
the country showed a positive relationshiprMSLP. The U300 westerly wind increases as the
MSLP increase. The effects of the SH on the jetstream is therefore important. The cold air aloft
brought by the SH causes both high and -heiel thickness decreases. The difference in
thicknesses from one gmn to another therefore leads to an increase of tppeospheric
westerly winds (stronger jetstream). Potent.
relationship. When d increases the U300 decre
the surface air temperature which increases the atmospheric thickness and results a weaker gradient

therefore reducing the strength of the Jetstream.
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The results of this research suggest an inverse relationship between U300 and
HLDZ/MLDZ. MLDZ and MLDZ both decrease as the U300 magnitude increases. This suggests
that an increase of jetstream wind speeds leads to a decrease in atmospheric thickness. When cold
air dominates over the northern region of Saudi Arabia, the atmospheric thickness drops and results

in an increase of U300.

The surface air temperature typically drops during the winter over northern Saudi Arabia
due to the SH. There is a negative correlation between the average surface air temperatures and
the U300 wind. The movement of the SH towttrel northern part of the country results an increase

of jet stream winds and a decrease in the surface air temperature.

The composite MSLP analyses are divided to three categories associated with all winter,
rain only, and snow only. In the all categsribe SH is present and influences the large majority
of Saudi Arabia. The effects of SH varies on an annual basis over the northern portion of Saudi
Arabia. The MSLP composite analyses for winter suggest that the SH forced the cold air over the
region duing the winter seasons. The average wind flow during the winter seasons at the surface
is an easterly flow. The boundary layer wind flow over the Himalaya Mountains and places such
as Tajikistan and Iran results in westward cold air advection. The cérber 8H appears to be
located at approximately the same position every winter. 2008 displayed a slight departure from
this quasistationary position and the center of the SH moved its center toward the west and
extended its ridge westward as well. Thatveraent resulted in impacts over west Asia and east
of Europe, including Saudi Arabia. There was also a deformation zone that appeared almost every
winter over the Mediterranean Sea. The location of this Saddle zone varies from year to year and
occasionallyshifts westward. This deformation zone is likely associated with a frontal boundary

and a region of cloud development. Furthermore, note that when the deformation zone moves
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westward, an area of low pressure develops and causes rain and snow ovehwesnhoggion

of the country.

The MSLP composite analyses associated with rain during winter are very similar to the
winter composite analyses. The SH persists over a large region and there is a westward extension
of the SH ridge that covers Eastern Eurapd Turkey. The deformation zone is shifted westward
and replaced with a ridge that develops over northeastern Saudi Arabia. Southeasterly wind flow
brings warmer air northward over Saudi Arabia. The precipitation type is rain in this scenario due

to thewarm air advection from the south.

The MSLP composite analyses associated with snow display a deformation zone over the
northern region of the county with the SH ridge over the eastern part of the region. The ridge
located over the northeastern regionSaiudi Arabia appears to be weaker. The surface winds
associated with this composite analysis generally flow from east to west. This easterly wind
explains the decrease of surface temperatures falling below the zero degrees Celsius over the

northern regiorof Saudi Arabia.

A case study investigated snowfall that occurred in January 2015 over northern Saudi
Arabia. This study analyzed potential vorticity (PV) andé&gtors and related their forcing to the
possibility of snow development over northern Sautibda between 6 and 11 January 2015.
There were two positive PV anomalies that likely impacted snowfall over northern Saudi Arabia.
The first PV anomaly was at 1200 UTC 1 January 2015 and likely influenced the first snowfall
associated with this event. Teecond PV anomaly was at 0300 UTC 11 January 2015 and likely
produced the second round of snowfall. The-AP@ Qvector analysis displayed rising motion

which likely resulted cooling processes. The secongeor analysis showed strongeiv€ctor
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convegence and likely resulted more latent heat release that produced heavier snowfall over the

northern region of the Kingdom of Saudi Arabia.

This thesis can have more work done as a future research. A longer period of the SH data
can be used to look and ¢kaclosely the SH movements and behaviors for at least thirty years on
the larger scale. A surface pressure analysis for each winter during the whole period would help to
notice any changes in the SH center location or strength. Also, studying the S$ftoendhe
perspective of the SH index can give the good view for this pressure system and compare the
results with the surface analysis behaviors. Furthermore, the westerly Jetstream that located over
the northern region of Saudi Arabia could have a deftionship with the local cyclone that
moves from the Mediterranean Sea toward the northern parts of Saudi Arabia. Moreover, there is
a possibility of a correlation between the snowfall event over the northern region of Saudi Arabia
and the northerly yger air flow in altitude of 300 hPa. That could explain the sharp drop in the

upper air temperature during all events of snowfall.

On other hands, the lepressure system that located over the Indian Ocean needs to be studied.
All surface pressure analgsshowed some influences of this pressure system on the SH. In my
opinion, the Indian low pressure could have relationships with the SH strength. It can illustrate
more how the SH strength and index affected by the Indian low movements and the air teenperat

that is associated with Indian cyclone.
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APPENDIX A
Diagnosing snowfall over northern part of Saudi Arabia using PV and Q Vector

Abstract

When an unusual and extreme weather event happens somewhere, thaf aspect
climate change is usually behind it. The Kingdom Of Saudi Arabia has been
experiencing unusual weather activities with snowfall events every winter. Since the
winter of 2009, the northern part of Saudi Arabia has been receiving about two to three
inchesof snowfall per snowfall event. This paper is diagnosing one snowfall event that
occurred most recentip January 2015. One approach for this case study is tineise
potential vorticity (PV) for the layer between (300 to 100 hPa). In general, there were
two PV anomaly waves that affected the northern part of Saudi Arabia and saoged
fall on the days between Jafi @&d Jan 12 of 2015. There are alsov@ctor analyses
maps to support the PV study, and these maps showsithée@or forcing over tha
area with a rising motion at the same time the snowfall happenedlifférent upper
level geopotential height analyses for 850, 500, and 200 hPa shows that there was an
upper level trough which was setting directly over the cities of interest prodicsng

snowfall.
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A.1l. Introduction .

As a result of the climate changing in the world, the kingdom of Saudi Arabia has been
experiencing some weather changes and extreme weather events in the last five years. The
Kingdom of Saudi Arabia is locatsduthwest of Asia between latitudes of 16 to 32 and longitudes
of 35 to 55 with a land area of approximately (2,250,000 km). Therefore, most of the country is

within the subtropical belt, which can be described by warm and dry characteristics.

The most inpressive extreme weather event in Saudi Arabia is the snowfall. The weather
stations in the northern part of the country have been officially recording this event since winter
of 2009 for the first time in the stations history. Since then, meteorologsmdich has started to

investigate these snowfall events as part of the climate changes aspect over the country.

According to Dr. H. M. Hasanean and his colleagues, a very clear relationship has been
found between the Siberian High (SH) pressure systérareity and air surface temperature in
winter season over Saudi Arabia. They also stated that there was a strong joint between Siberian
High in the winter season and surface air temperature across the northern east andwesthern
sectors of Saudi Arabi@lasaneart al, 2013). In an article called Siberian High Variability and
its teleconnections with tropical circulations and surface air temperature over Saudi Arab® (Fig

1).
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Figure A.1: Map modified by Moeedh shows the snowfall locations in the northern part of Saudi Arabia with the

blueborder. (2006, February 10). Retrieved December 5, 2015, from

https://commons.wikimedia.org/wiki/File:Saudi_Arabia_map.png

In this research | will be appng what we have learned in advanced synoptic class to
investigate this snowfall event using the Aatitude isentropic potential vorticity (IPV) and that
to show the PV system movement and strength that was associated with the snowfall; beside that
wewill be able to explain where the maximum PV cyclone regions were compared to the snowfall
amount and locations. Moreover, | will be applying the Q vector to show and illustrate the rising
or sinking motions that was associated with this event. Therdsara@per level height maps for
three levels which are 850 hPa, 500 hPa, and 200 hPa. The upper level maps will help more to

support other elements results, and to make better comprehension for this snowfall event.
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A.2. Data and methodology

The dataused in this research was taken from NOMADS access data as-aANGFS
reanalysis data NCEP high resolution global forecast system four times a day with (1 degree GFS),
North American Mesoscale (12km NAM), and Rapid Update Cycle (20km RUC). The data for
thisevent was based on the date and time that it snowed over the northern part of the country. The
starting timeframe is from Jaff' € Jan 11 of 2015 for four stations which are Tabuk, Turif, Skaka,
and Arar. These stations, which received decent amount of snowfall, around 2 to 3 inches in a few
days; this number is estimated based on some pictures that were taken for this e\argente
of accurate and reliable measurements for snow depth is due to the fact that there are no snowfall
depth instruments in Saudi Arabia. This is because there has never been a need to considering the

country is in the region of the suitopical zone wth hot and dry climate weather features.

Isentropic potential vorticity equation:

IPV=-g— 7 "QO— (A.4)
Where IPV = stabilaty X vorticty (A.5)
Where

f = coriolos force

g = gravity

p = pressure

d Potential tempetare

And the unitis 1 PVU £10°m2kg?'s?)
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The second data used in this project tsv€ctor forcing maps and the source is the real
time 700 hPa geopotential height and Temperature.fhdegree analyses GF&r¢hambault,
n.d.). Q- Vector is the time rate of change of the potential temperature gradient vector of a parcel
in geostrophic motion. These map will allow and help to illustrate the rising motion (convergence)
and the sinking motion (divergence),or wher there was cooling or warming for the tropopause
area regarding to the snowfall locations with the estimated time in regions in which s\aoajeic
vertical motion dominates. Term (A) and(B) in the Q vector equation will be involved in this case

of study with more focusing in Term (A) forcing to show the motions.
Q-Vector form of QG ¥ equation:

2 g2 ~ R 4T
(Vi*%ﬁ)‘”*wp'g‘a—ﬁa
P p (A.6)

Where Q vector is given by:

(A7)

The satellite images was used in this paper for clear viewing and understanding for the

clouds movements and atmospheric situation in this days of snowfall. | tried to get the best satellite
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images directly over Saudi Arabia. However, the METOSAT 7 offarealternative images since

finding archived images directly over Saudi Arabia proved challenging.

The last approach for this project is making a cross section to show the dynamic tropopause
of the high area of (IPV).The selected date and time andrreg@all based on where the best
cyclone or PV occurred. Also, it is a good approach to see what kind of cyclone was associated

vertically in this case.

Here is one station METARS for Turif OETR showing the snowfall events record for

difrent day which are the'®and 11" of Jan of 2015:

SPECI OETR 110320Z 19012KT 7000 RESN OVC100 M02/M04 Q1018,190,2013 03:20:00
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METAR OETR 110400Z 20014KT 2000 SN OVC100 M02/M03 Q1018,200,201t51 04:00:00
METAR OETR 110500Z 17016KT 2000 SN OVC100 M02/MQ2018,170,201®1-11 05:00:00
METAR OETR 110600Z 17012KT 2000 SN OVC100 M02/M02 Q1018 NOSIG,170;2a48. 06:00:00
METAR OETR 110700Z 17012KT 2000 SN OVC100 M01/M01 Q1019 NOSIG,170;2a48. 07:00:00
METAR OETR 110800Z 17012KT 4000 SN OVC100 M01/M01 @AINOSIG,170,20191-11 08:00:00
METAR OETR 110900Z 18010KT 4000 SN OVC100 M01/M01 Q1019 NOSIG,180;2a48. 09:00:00
METAR OETR 111000Z 21006KT 3000 SN OVC100 00/00 Q1018 NOSIG,210,a013 10:00:00
METAR OETR 111100Z 24006KT 5000 SN OVC100 01/01 Q1RTSIG,240,20181-11 11:00:00
METAR OETR 111200Z 28008KT 5000 SN OVC100 02/01 Q1019,280;20151 12:00:00

METAR OETR 091500Z 32012KT 6000 SN OVC100 01/01 Q1015,320;2010 15:00:00

METAR OETR 091600Z 30010KT 3000 SG OVC100 00/00 Q1015300;201( 16:00:00

METAR OETR 091700Z 30010KT 3000 SG OVC100 00/00 Q1015,300;204(® 17:00:00

METAR OETR 091800Z 30010KT 1000 SG OVC100 00/00 Q1016,300;204® 18:00:00

METAR OETR 091900Z 32010KT 6000 SG OVC100 M01/M01 Q1016,320,:20189 19:00:00

All the GFS data was received from the source as (grb) files and | used Integrated Data
Viewer (IDV) to display the isentropic potential vorticity (IPV) results on the screen. The duration
is five daysodé worth of data asrelfdudand@stsdareand O

the levels between (100 hPa to 300 hPa) in order to get the Wastépretation on this area.
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A.3. Results

After using IDV to visualize the PV, the results became quite interesting. There were two
PV anomalies passingver the northern region of Saudi Arabia. Both PV waves were moving
from the northwest and were associated with the snowfall. The first PV anomaly started
approaching the northern satiations of Saudi Arabia by Jan 10 12:00 UTC time. This PV wave

crossed ta country in 24 hours resulting in the first snowfall in winter of 2015u{f€iB).

Figure A.2:shows the First PV anomaly wave over the northern region in Saudi Arabia.

The second PV anomaly wave occurred right after the first one on the nextstayteld
dominating over the north region by Jan 11 at 0300 UTC time. Apparently the second PV wave
was much stronger than first one and also dominated on the northern regions of SaudaAdabia;
cooling and lowering the temperature in tropopaad@batically This anomaly caused most

snowfall on the four selected cities Tabuk, Arar, Skaka, and Turif. Moreover, it caused moderate
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rain fall on other parts of the country, especially the south region of these cities. From the image
we can notice thagtrong westerly flow jet stream around 150 knot which helped the system to
move faster to north east region when &m@maly system passed the north sector in 18 hours

causing the second sntall in this winter (Figire 3).

ar-Shaded Plan View 201
wes - Wind Barb Plon View

Figure A.3:map showing theecond PV anomaly wave over the northern sector of Saudi Arabia.

From the first PV anomaly wave, | have selected a time in Jan 10 at 00 UTC time when the
maximum PV occurred over the northern region of Saudi Arabia to show the vertical cross section

strudure (Figire4).
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Figure A.4:show the selected PV area for a cross section

The vertical cross section shows that the classic PV cross section feature with PV trough
in the bottom of the graph and ridge up oftitepopause. It is very noticeable that the tropopause
has fallen in the bottom left corner (Tabuk City) of the cross section. This looks like the tropopause

fold and it has taken the wrapping up shape as the tropopause falls down the PV trough.
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Furthermore in the northern region of Saudi Arabia there is a strong westerly Jetstream
consistently over the region, and we can see the Jetstream entrance in the vertical cross section as

it is markedn the next figure (Figre5).

Jetstreem Intrance

 ————

Troposphere falling here

truewinduve ) 8l
IN=AY s 5 -10 00:

Figure A.5:The IPV cross s#ion on the first PV anomaly wave

The other way to approach and make a better understanding of this case is to bring up some
different altitude geopotential heigahalyses and keeping the same time series of the previous
results. Time set was at 00 UTi€Jan 10 2015 for (850, 500, and 200 hPa). At levell8%0 A
strong height gradient is set up over the Mediterranean Sea with a moderate trough and westerly

flow, and that held decent amount of water vapor, and transferred it to other regions iritieding
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northern part of Saudi Arabia. Also, a closed low pressure system was observed over the northern
part of Saudi Arabia which caused vertical motion of theaaid, adiabatic cooling over the cities

where the snowfall occurred (Fie6).

' 850 hpa Geopatzntiol_height_iscberic - Contouwr Plan Yizw 2015-01-10 002002002

Figure A.6:850 hPa geopotential height contour map

As we move up to 500 hPa, the case becomes much clearer. At the same time and date of
Jan 10 at 00 UTC time, an upper level trough system was affecting the north sector of Saudi Arabia
with a strong gradient, andsal shows that the height contours bended strongly and deeper to the
south. This trough helped cooling the temperature by bringing cold air from north of Turkey and

south of Europe. This cold air alpassed over the Mediterranea@aSorming a cold front\er
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the northern part of Saudi Arabia. This would produce stormy weather, which was obvious by the

temperature dropped under 0 C° betwe@nd-4 C°) (Figure7).

Figure A7500 hPa geopotential height contour map with

At the levelof 200 hPa, still the upper level trough was present over the northern region of
Saudi Arabia with the same features of bringing the cold air from south of Europe and cooling the
tropopause (Figre 8). On the other hand, a strong westerly Jetstream tioatéd over the area

cooling the tropopause with wind speed of around 145 knots. Likely the northern Saudi Arabia
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appears to be in the poleward entrance region of a jet streak (also known as the left entrance

region). This is not an areavor for rising notion (Figure8).

Figure A.8:200 hPa geopotential height contour map with wind barbs

Finally, as applying what we have learned in advanced synoptic course, a study of Q
Vector is involved in this project. Continuing with the same time episode atDJad UTC time,
a moderate convergence was located far up north of Saudi Arabia at 700 hPa causing rising motion
and cooling and lowering the temperature in tropopause adiabatically. The associated weather in

this time was the snow fall over the regiong(i¥e 9).
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Figure A.9:Q1 Vector force map at 700 hPa.

Since the previous map did not show enough of Qector forcing, getting another
timeframe is better to the forcing of Q¥ector for this snowfall event. The other selected map is
for the same area in JaH 6t 1800 UTC time of 2015. The map shows that there was a strong
ascent motion just above the area of interest associated with cooling the air temperature up to the
atmosphere as explained ®p. Q < 0). Also, the trough helpelbringing a cold air from
northern hemisphere to the north part of Saudi Arabia. Moreover, the 700 hRad@r maps
indicating that both term (A) differentiabyticity advection and (B) thedplacian of temperature
advection were involved in this coengence zone and causing latent heat released over the area

producing a decent amount of precipitation as snowfall over Tabuk and other northern cities.
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Furthermore, Most of the QVectors in northern Saudi Arabia appear to be along the isotherms

(Frontogenesis=0) or slightly toward warmer air. (&ig10).

30
e 5 -3

S — — | | I |
700 HGHT, TEMP, Q VECT, Q-VECT FORCING at 150106/1800

Figure A.10:Q1 Vector forcing on Jan'8at 0600.

Synoptically, | did looked into these time series of snow event in large scale using the
Integrated Data Viewer (IDV) to analysis and view thegent synoptically. The snowfall over
these area of northern part of Saudi Arabia began with a very strong low pressure system that was
dominating over the North West of Saudi Arabia. This low pressure centered over a large parts of
the MediterraneaBeaand covering all the regions such as: Egypt, Jordan, Palestine, and Lebanon.
The northern part of this low was associated with cold air temperature until it starts to move in the
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next day in easterly movement creating a large area of strong troughehdtdias fed with high
moisture over the northern part of the country. In the®BJan, a cold air aloft moved from the

north toward the south entering our area of interest and lowering the air surface temperature to
below 0 C°. Also the trough was coireg most parts of western and northern Saudi Arabia. This
situations of the present of the trougld @old air front have createdstrong opportunity to form

the snow and fall over these cities in the northern part of Saudi Arabia (Figure 11).

In the dag of Jan 11 and 12, the air surface temperatures have continued to decrees more
and also this cold air front has extended more to the south toweredntral region of Saudi
Arabia. Moreover, the trough still covering the whole region causing maseavffall with the

present of low temperature (Figure 11).
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Figure A.11:MSLP and air suface temperature analysis

From the satellite images that was taken for these days of snowfall event, we get much
better understanding how thessowfall happened. In the day of Jdh there was a big cyclone
up north of Saudi Arabia borders particularly over the eastern region of the Mediterranean Sea.

This cyclone was covering a large scale area including Jordan, Syria, and Turkey. In the next day
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the 7", the cyclone started to move the south toward the northern part of Saudi Arabia and
causing light rain in the beginning of that day. In the day of Jath@& cyclone appeared like it
vanishing over the area with weaiect on the region. However, just in the next day of tie 9

the cyclone started to form and got stronger than before and moved more to the south causing the
first snowfall over the northern part of Saudi Arabia which is associated with the first PV. In the
day of 10", the sky became clearer with slight raintaier the northeast of the Saddabia, while

in up north shows another cold front movement again over the Mediterranean Sea. In the next day,
the day of heaviest snowfall in that year, the northern part of the country was covered with clouds.
It looks like a pattern of cyclone rotation centered exactly over the north regions, and caused a
heavy snowfall on Turai, Hial, Al quryyat, and Tabuk which explain the second PV. On the of
12", the northern region of Saudi Arabia was clear sky, and the cycloredrfarther to the north

west coving a large scale area of Tayrland eastern Europe (Figure 12)
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Figure A.12:Satellite images for days from Jafté Jan 12.http://eumetsat.int/viewer/index.html

61






